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ABSTRACT 
Recovering plastics from complex consumer products, such as automobile plastic parts, 
carries different challenges from common recyclable items found with curbside 
collection.Complex products often consist of multiple plastics in various configurations, 
and the materials must often be first liberated from one another and then separated. This 
is usually accomplished using some sort of comminution or size reduction such as 
grinding, shredding, or crushing. This research investigates whether material type, 
geometry, and the degree and type of comminution affect the degree of liberation of 
different plastic materials during two comminution processes (grinding and crushing) and 
assesses the potential benefits of preconditioning (cryogenic freezing) prior 
tocomminution to improve the recycling of plastic waste. This research found that 
different materials were not affected by preconditioning, but that under certain 
conditions, preconditioning weakened the joints connecting the plastics together, made 
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In recent decades, plastics are increasingly used in a variety of products such as 
packaging, textiles, automobiles, electrical and electronic goods, and daily house hold 
products. The increasing use of plastic materials in all sectors has led to a growth in 
plastic wastes. In particular, complex consumer goods, such as automobiles can generate 
a large amount of discarded plastics at their end-of-life. Reducing the amount of plastics 
lost to the waste stream is increasingly important because of mounting legislation 
pressure, the rarity and difficulty of siting new landfills, the rising cost of virgin plastic 
resin, and the growing public and consumer response to more sustainable means of end-
of-life treatment: goods are preferably recovered for their material or energy value rather 
than simply being disposed. 
The purpose of this research is to determine the basis for a technically feasible treatment 
process to increase the recovery of plastic materials from the disposal of end of life 
vehicles (ELVs) by focusing on comminution and liberation processes. This research 
mainly investigated the factors which affect the degree of liberation of different plastic 
materials during two comminution processes (grinding and crushing) and assessed the 
feasibility of preconditioning before comminution to improve plastic liberation by 
changing physical properties of the interface between the materials, such as-low 
temperature embrittlement through cryogenic freezing of the plastics within the 
composites. The research was also carried out to confirm if previous research performed 
on test plastics about recovery processes (e.g., liberation) apply to actual real-world 
plastic components (Jekel, 2004). The understanding of these investigations can be 
applied to potentially improving the recycling of plastics, and therefore increase the 
2 
recovery of automotive plastics from end-of-life vehicles (ELVs). Automotive plastics 
were chosen because they represent complex consumer products that are distinguishable 
from common, recyclable items that consumers associate with curbside or simple 
collection situations. Ultimately, this research may also be applicable to other 
commercial plastic products which are currently landfilled. 
1.1 Background 
The excellent technological properties, durability, damage tolerance during application, 
design freedom, and low cost of plastic materials have dramatically increased their 
application in different sectors of manufacturing industries mainly in automotive 
industries. Figure 1.1 shows the use of polymer materials in different car components in 





























































































VV indicates major material, Vindicates minor materials 
Figure 1.1: A matrix of polymer materials combinations with description of an average 
passenger vehicle (Reuter et al., 2004) 
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Introducing more plastic content makes the automobiles more lightweight, inexpensive 
with improved fuel efficiency and lower pollutant emission. The amount of plastic (by 
weight) in an average automobile has nearly tripled since 1970, which is equal to 
approximately 10% of a modern North American automobile(Duval et al., 2006); this 
consequently generates a large amount of discarded plastic waste. Until now, these 
plastic wastes are usually land filled. In Canada and the USA, the total amount of 
automotive plastics sent to landfill each year is approximately 1.6 million tones assuming 
an average North American vehicle and minimal resale of end of life vehicles plastic 
parts (Duval et al., 2006). However, plastics do not readily degrade, and additives and 
modifier used in the commercial plastics may also be leachate contaminants. For all these 
reasons, the management of plastic wastes which involves reduction, reuse, recycling, 
and energy recovery, has become a crucial issue. Directive 2000/53/EC (European 
Commission) mandates that by 2015 at least 95% by weight of a vehicle shall be 
recoverable or reusable in someway, and that 85% or more shall be recyclable (Froelich 
et al., 2007). The global, interconnected automotive industry has recognized such a 
directive has implications around the world in how vehicles are designed, made, and 
recovered. 
In general, the increasing use of plastics and the increasingly complexity of plastics, such 
as composites that combine multiple plastics or plastics with non-plastics, means a 
smaller proportion of non-metals in vehicles can be effectively recovered: plastics, 
textiles, and rubbers do not lend themselves to conventional recovery mechanisms such 
as magnetic separators which were originally intended for metals. In recent years, much 
research has been conducted on design for disassembly as an initial step to increase the 
4 
effectiveness of material recovery from end-of-life vehicles. The anecdotal experiences 
by automotive companies and dismantlers however suggest that simply "reversing" the 
way a vehicle is put together is not particularly economical or practical. Other research 
related to this subject generally focuses on shredding, grinding, material separation, 
material sorting and reprocessing, or the recovery of materials after extensive mechanical 
treatment. Practical experiments and findings suggest that a vehicle can be dismantled 
and recycled completely, but the argument remains if it is economically feasible (Hendrix 
et al, 1996). However, the development of pre-shredder technologies and the feasibility 
of intermediate treatments or mechanisms to complement conventional recycling and 
recovery and thereby improve the recovery of consumer plastics have been less studied. 
For recovering composite materials, especially those made from different plastic 
materials, comminution (i.e., size reduction) and separation processes from various 
shredding and screening processes alone may not be sufficient. Instead, the concept of 
liberation which refers to the reduction of physical joints between materials should be 
considered (Tam et al., 2004). Investigations related to liberation are not well studied in 
waste processing, though it is a well studied concept in mineral processing industry. 
Higher liberation of the materials from one another can be achieved by selective and 
intelligent comminution. Arguably, the development of advanced liberation processes 
could be needed to address with the complex association of different plastics, adhesives, 
paints, coatings, plastic and metallic inserts in composites. In the case of composite 
waste, improved liberation of the materials is the prerequisite of better separation or 
material sorting. If all the materials are not properly liberated from each other, attempting 
to recover pure resin streams from waste plastic composites is not possible. 
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1.2 Overview of ELV plastics management 
End of Life vehicles (ELVs) refers to the vehicles which reach the end of their useful lives. 
When the vehicles reach dismantling facilities - or "salvage yards" - the dismantlers usually 
manually remove vehicle parts which can be used for direct resale, for remanufacturing and 
reuse, or for recycling. Hand dismantling of certain automotive parts has been an accepted 
process to remove high value materials, though it is not economical in large scale in North 
American labor market (Biddle et al, 1997). At first the dismantlers remove fluids such as 
anti-freeze, oils, and air conditioner refrigerant from the vehicle for safety or hazardous waste 
purposes. Afterwards, a large number of metal and plastic parts like engines, alternators, 
headlight assemblies, taillight assemblies, and even fenders are removed and resold into the 
used parts market. Alternatively, some dismantlers allow consumers to strip the parts they 
need themselves. Plastic parts such as doors, front ends, seats are sometimes sold as part of a 
complete assembly. Tires, exhaust system components, including the catalytic converter, 
batteries, and fuel tanks and high valued materials are also removed by the dismantlers. 
Interestingly, the automotive dismantling industry focuses on the recovery of part's value 
rather than recovery of material value (Matan and Hock, 1993). In other words, the focus is 
mainly on reuse by consumers looking for spare parts, not material recycling. According to 
SAE J1344 and ISO 1043 labeling standards, all the manufacturers are required to label 
plastic components to identify materials to the dismantlers and recyclers. 
However, a number of plastic components remain. For example, plastics from much earlier 
model vehicles may no longer have reuse value given their age and lack of demand. The 
remaining plastics are often thus left in the partially stripped vehicles as it is and stored in 
outside yards. At some point, stripped vehicles that are deemed no longer economically viable 
6 
are sent for shredding which reduces vehicle hulk into fist sized pieces. Among the three 
shredded output streams - metals, shredder fluff (the light fraction of shredded plastics, 
textiles, etc.), and shredder residues (heavy fraction of shredded materials), the metal stream 
is sent to metal recycling facilities ((Matan and Hock, 1993). The remaining two streams 
which collectively known as SR (shredder residue) are land filled after removing metals from 
it. The separation and sorting process of SR (shredder residue) for desired materials are 
carried out in some cases based on the market demand of recycled materials. Figure 1.2 

















































Figure 1.2: Simplified process of recycling ELVs (Adapted from Lohr et al,i994) 
Currently, a robust infrastructure for post consumer plastic recycling across North 
America does not exist. The commercial recycling of post consumer automotive plastic is 
not generally economically feasible on a commercial basis under current North American 
market conditions (Johnson and Wang, 2002). The ELV plastic composite management is 
shown in the Figure 1.3. 
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Figure 1.3: ELV plastic composite management (Adapted from thesis proposal of Susan 
Sawyer-Beaulieu, 2007) 
Once a mixture of plastics has been shredded, separating those plastics into individual 
pure resin streams poses significant challenges. An average vehicle contains about 25 to 
35 chemically incompatible types of plastics (Duval, 2007). The mixed plastic waste has 
little recycled value as they tend to have inferior physical properties than pure resins. 
1.3 Summary of research objectives 
The main objectives of this research are to: 
1. Confirm if various factors, such as material properties, shape (geometry), and 
fastening methods between plastics affect the size distribution outcome after 
comminution of "real world" plastics, which are typically composites formed 
into various components. This is in comparison to previous work which tested 
pure plastics in limited configurations. 
2. Determine if the mechanism of comminution is affected by the size of exit 
screen used. This is a specific point that will be discussed further in Chapters 2 
and 3. However, it is important to note it now as previous work by Jekel 
(2003) observed that the exit screen may dominate the comminution process 
and thereby possibly bias the results or hinder their interpretation. 
3. Assess the potential benefit of preconditioning composite plastics prior to 
comminution. Such preconditioning may change the physical properties of the 
materials themselves and as a result, lead to improved recovery of desired 
materials. The preconditioning that will be tested in this research will involve 
cryogenic freezing. 
The overall context for these three objectives is to understand how materials, such as 
plastics which face challenges to recovery and recycling, can be better captured prior 
to disposal. The key concept that will be examined is liberation, and how from a unit 
operation perspective, it can be improved through the above investigations by 
exploiting or enhancing material differences during breakage to promote segregation 
of different materials. Finally, this research will present a conceptual model for 






2. LITERATURE REIVEW 
2.1 Current steps for reprocessing of plastic composites 
The reprocessing of the plastics composites into individual clean resin stream generally 
involves three steps shown in Figure 2 1 
Composite 
I 1 } 
Division 
: Mechanical comminution : • Chemical dissolution • 




r ! > 
Separation 
• Mechanical sorting • 
r™ 
: Chemical extraction: 
* 
• Upgrading }• 
Pure fraction 
Figure 2 1 Current steps for the reprocessing of composites (Adapted from Lohr et 
al, 1994) 
The first step is division composite matenals are disintegrated by mechanical 
comminution or chemical dissolution This division results in a particle mixture or 
solution m which all the individual materials are either in liberated state or remain joined 
with each other Liberation is followed by separation process in which clean segregated 
fractions of pure resins are sorted or extracted from the mixture Separating the plastic 
mixture into individual clean resin is challenging because the separation process usually 
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requires significant differences in easily measurable properties of the different materials. 
For example, magnetic separation is used for separating ferrous from non-ferrous metals, 
and eddy current separation is used for separating non-ferrous metals based on a charge 
difference. For separating particles, variations of density separation processes are 
common. However, many modem plastics contain additives, fillers or reinforcements, so 
the densities of different plastics overlap or the densities remain in very close range, 
limiting the effectiveness of density based separation. Other available processes to 
separate mixed plastic into individual clean stream have yet to prove economically 
feasible on a large scale (Lohr et al, 1994). 
2.2 Proposed steps to recover automotive plastic 
The current trend for recovering automotive plastics is to add more unit operations after 
comminution to obtain pure resin stream. Instead, adding a pretreatment process before 
comminution to improve the liberation and eventual separability of different materials can 
be an alternate option. The joints of plastics composites, especially plastic to plastics 
joints, are made very strong to assure durability, though the joints are geometrically 
simple compared to interfaces found in nature (Lohr, 1996). Paints, chromium coating, 
aluminum plating, and other surface treatments must generally be removed from the 
plastic mixture to obtain pure resin stream. Interesting, finely grinding materials can 
ultimately remove surfaces coatings from the underlying material. However, the finer the 
comminution produces smaller particles, increased mixing, and consequently renders 
separation of one material from another more difficult. The high temperature generated by 
the shredder or granulator can also cause plastic melting and degradation of plastic 
properties. 
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For plastics recycling, the proper identification of different materials in the composite is 
crucial. The vehicles which presently reach their end of life do not have all their plastic 
components labeled because these vehicles were manufactured approximately 10 years 
ago when labeling all the components of a vehicle were not mandatory or less organized. 
Current legislation requires manufacturers to mark plastic components. However, the lack 
of synergy among the labeling system and the lack of links between manufacturers and 
recycling industries means that a uniform labeling system for the plastic components has 
yet to fully established and integrated. The increasing trend for government incentives and 
legislation pressure may lead to a "global" labeling system for plastic identification in 
future. This may lead to greater use of the same type of plastic materials for any part type, 
and consequently, this might improve the conditions for increasing plastics recoverability. 
This may improve the presorting of plastic composites during dismantling process, which 
could in turn promote greater plastic recovery in North America. 
Recovery of plastic materials from composites could be undertaken in plastic recycling 
facilities with fewer unit operations. In Figure 2.2, a simple model is proposed that can be 
used to recover desired material from dismantled plastics parts. The input stream is the 
mixed plastic waste resulting from the disposal of consumer products like ELVs. It is 
assumed that hand dismantling provide an input stream consisting of unit components like 
composites (which contains desired material A, other mixed materials B). Preconditioning 
will be applied to change the physical properties of the materials and the interface of the 
joints of the composites which will facilitate the liberation process during comminution 
and lead to a more satisfactory separation outcome. By introducing preconditioning before 
division, the liberation process is expected to be improved than the available processes. 
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Figure 2.2: Steps for the reprocessing of composites (adapted from Tarn and Jekel, 
2004) 
By sorting and separating, the waste stream is divided into a stream rich in the desired 
material A labeled as output 1, and into a stream poor in the desired material A 
labeled as output 2. Output 1 is rich in material A which represents the material 
targeted for recovery and small quantity of B (which represents all the other 
materials). Output 2 is the remaining mixed materials including small amount of A 
which is not captured in Output 1. 
2.3 Common plastics used in automobiles 
Polypropylene (PP) is by volume the most commonly used thermoplastic used in 
automobiles, while polyvinylchloride (PVC) is the second most commonly used plastic in 
North American automotive applications (Automotive Learning Center, 2007).The 
majority of modem bumper fascias are made of thermoplastic olefins (TPOs), 
polycarbonates (PC), polypropylene (PP), or blends of these polymers with glass fibers or 
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other additives for strength and structural rigidity. Headlight lenses are usually made of 
transparent polycarbonate (PC) and colored parts are usually made of polymethyl 
methacrylate (PMMA). Tail lights, turn signals, cornering lamps, back-up lights, and fog 
lights are all made of polycarbonate plastics or, in some cases, acrylic plastics. 
Polypropylenes (PP), Nylons (PA), polycarbonates (PC), weather resistant polycarbonates 
alloys such as ASA-AES are the most commonly used plastics in manufacturing 
automobile trims (Automotive Learning Center, 2007). Table 2.1 shows the most 
commonly used plastics in automobiles. 
Table 2.1. Most commonly plastics used and predicted to use in automobiles (Source: 













































*MLb= Million pound 
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2.4 Techniques for joining automotive plastic parts 
There are several techniques to join plastic materials to metal parts or plastic to plastic 
parts in the automobiles. Mechanical fasteners like screws, rivets, pins, nuts are the 
most common joining method which is sometimes molded in place, forced, glued or 
expanded into holes, or inserted ultrasonically in the composites. Designing a 
fastening element like hinge, latch, detent into the parts is the easiest way to join 
plastic parts. Reactive liquids (e.g., epoxy, polyurethane, cyanoacrylate), hot melt or 
pressure sensitive adhesives are also used to join plastics. Vibration welding produces 
pressure-tight joints in circular, rectangular, or irregularly shaped parts made from 
almost any thermoplastic material. On the other hand, a thermoplastic rod is heated by 
hot gas (air or nitrogen) with the parts to be joined until they soften and can be pushed 
together in hot-gas welding. Sometimes, solvent is applied to liquefy the surface of 
the plastics and the parts bond when the solvent evaporates. Ultrasonic, induction, 
heated tool welding, resistance wire welding are other available techniques to join 
plastic parts (Machine Design, 2007). 
2.5 Available successful plastic recycling processes 
In Europe, the mixed plastic waste is often returned back into chemicals like in 
syngas-processes by some recyclers, or the plastics are used as reductants in blast 
furnaces. Mixed plastic waste is also processed in cement kilns to generate alternative 
energy sources to replace crude oil or gas in Europe( Bellmann and Kare, 1999). In a 
study in North America, Chrysler Corporation and MBA polymers took a step to 
investigate the current feasibility of mechanically separating vehicle components such 
as bumper fascias, door trims, and instrument panel into pure material streams for 
recycling purposes (Biddle et al., 1997). The aim of the project was to separate 
plastics by density separation in order to obtain clean plastic resin. However, the 
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above separation process encountered problems due to overlapping densities of 
different plastics. 
The following techniques, used by different pilot or commercial scale facilities, are 
currently available to separate mixed plastic waste into pure resin stream. 
• Froth Flotation: Argonne pilot facility applied froth flotation techniques to 
separate the plastics mixture using a solution that can selectively increase or 
hinder the hydrophobicity or hydrophilicity of one or more of the targeted plastics. 
Argonne's process for recovering plastics from shredder residue is an 
experimental prototype that now has been sold for commercial development. 
Previously, the recycling cost of the mixed plastic waste exceeded the economical 
value of the obtained pure resin and the overall operation was not deemed energy 
efficient, although the process was generally successful (EPA, 2002). It is 
presumed that the commercial application will be potentially cost effective given 
that it has reached this stage of development, although there is no further 
information to support or deny this. 
• Automated Separation: MBA Polymers has developed an automated process to 
recover plastics and other materials from waste streams like computers, 
telephones and other electronics. Several steps are carried out to separate all the 
non-plastic materials which are approximately 40% of the incoming small pieces 
of materials (MBA Polymers, 2007). After extracting ferrous and non-ferrous 
metals by magnets and eddy-current separators, the remaining plastic waste is 
shredded until the pieces are 2 cm in size. The size reduction liberates fluff 
materials like wood, foam and metal foils from plastic. Afterwards, these 
unwanted materials are separated with air classifiers. Different types of plastics 
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are then separated by hydrocyclone which can separate different types of plastics 
within close range of densities. After that, an electrostatic process is carried out to 
separate particles using a surface charge. X-ray fluorescence spectroscopy is used 
to identify plastics by their component molecules. Lastly, an optical device is used 
to sort plastic bits into dark and light colors (EPA, 2002). It was not possible to 
obtain verifiable information from the company about the success of this method, 
although it seems that MBA's process is the most practical in terms of their unit 
operations chosen. 
• Skin Flotation: Recovery Plastics International (RPI) has developed another 
automated process capable of approximately 80 percent recovery of the plastics 
from automobile shredder residue (EPA, 2002). The process begins with the 
separation of light materials, followed by the removal of rocks and metals, 
granulation, washing, and, finally automated "skin flotation" separation. This final 
step adds plasticizer to render the surface of the plastic hydrophobic. Air bubbles 
then can attach to the plastic, allowing it to float (EPA, 2002). 
Although MBA Polymers has apparently succeeded in recycling plastics from plastic 
wastes, the infrastructure required is at a large scale. It is unlikely medium or small 
size recyclers or dismantlers can use these technologies to recycle plastic wastes; at 
the same time, many will not be able to cost effectively ship recovered plastics to 
recycling centres if they are located too far away. The technologies of Argonne 
National Laboratory (ANL) and Recovery Plastics International (RPI) have not yet 
been shown to be commercially viable on a wide scale at the time of this writing. The 
processing of recycled plastics from these two facilities cost the same or less than 
manufacturing plastics from virgin materials (EPA, 2002). A common thread is that 
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these technologies consist of several large scale, complex unit operations which are 
generally quite expensive. 
2.6 Cryogenic application before comminution 
As previously suggested, rather than focusing on post comminution recovery, an 
alternative would be to precondition the plastics prior to comminution. Such 
preconditioning would ideally magnify differences between different plastics and 
thereby permit greater liberation, separation, or both. An example of such 
preconditioning would be cryogenic freezing. 
Cryogenic technologies are widely varied, both in scope and magnitude and has 
existed for a number of decades (Bell, 1963). Cryogenics technology can be defined 
as the utilization of low temperature environment to change the physical state of 
amorphous materials. The physical properties of materials like glass, plastics, and 
rubber vary from liquid (rubbery state) to glassy amorphous when the temperature is 
decreased to a certain point specified as the glass transition temperature (Tg). This 
point is shown in Figure 2.3. 
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Figure 2.3: Change of rigidity with temperature of amorphous materials 
(adapted from http://www.zeusinc.com/newsletter/low_temp.asp) 
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By lowering the temperature, the bonds in the chain of those materials are 
strengthened and become rigid. As a result, they exhibit their crystalline properties. 
Glass transition temperatures of some common polymers which are used in 
automobile parts are given below in the Table 2.2 (The A to Z of Materials, 2000-
2007). 
Table 2.2. Glass transition temperature of certain plastics 
Materials 
Polyvinylchloride (PVC) 
Low density polyethylene (LDPE) 
Polymethylmethacrylate (PMMA) 
Natural rubber (NR) 
Polypropylene (PP) 
Polystyrene (PS) 
Polydimethyl siloxane (PDMS) 
Polyoxymethylene (POM) 
Polycarbonate (PC) 
Polyethylene terephthalate (PET) 
Nylon 6 (PA6) 
ABS (Acrylonitrile butadiene styrene) 













The test method to determine the glass transition temperatures follows the test method 
outlined in ASTM D746-04 (Standard Test Method for Brittleness Temperature of 
Plastics and Elastomers by Impact) which is equivalent to ISO 974-2000 
(Determination of the brittleness temperature by impact). When testing rubbers for 
impact brittleness, ASTM D 2137 (Standard Test Methods for Rubber Property-
Brittleness Point of Flexible Polymers and Coated Fabrics) is used. 
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Amorphous materials go through a ductile to brittle transition at the glass transition 
temperature (Tg): this causes brittle fractures of the amorphous materials because the 
amorphous material's yield ay and fracture a? stress behavior is ductile at room 
temperature and brittle below glass transition temperature (Figure 2.4.a). In contrast, 
the yield oY and fracture aF stress behaviour of a ductile material is not affected by 





Figure 2.4.a: Yield Stress and Fracture of a material which goes through a ductile to 




Figure 2.4.b: Yield Stress and Fracture of a ductile material (Source: Michalki, 1976) 
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The main problem when disposing of manufactured products is that it exhibits 
different physico-chemical properties, resulting in different breakage behaviors 
(Federica et al. 2004). Manufactured product waste such as automobile composites 
consist of several dissimilar materials. Again, different types of fastening methods are 
used to join these materials together. These multi-component materials should be 
liberated from one another as much as possible during comminution for more 
satisfactory separation. While the different plastics may behave similarly at room 
temperature, they may behave differently when subjected to super cooled 
temperatures. It may be possible to take advantage of these increased differences (e.g., 
one plastic preferentially breaks compared to the other) and better facilitate liberation 
of one material from another. 
Specifically, as different materials, especially polymers, have different rates of 
thermal contraction, different level of brittleness can be obtained when they are 
exposed to low temperature. As a result, the separation of brittle materials from non-
brittle materials may result. To recover selective plastic material from laminated 
plastics or closely combined objects, i.e. composites, this technique can prove 
particularly useful (Biddulph, 1977). The difference in the thermal contraction 
coefficient of the component materials allows achieving a weakening of the bond at 
the interface between different materials which may also improve the liberation of the 
components of the composite materials (Gente et al., 2004). 
Low temperatures can be achieved by ensuring the flow of permanent gases such as 
oxygen, nitrogen, helium, carbon dioxide in liquid form at normal atmospheric 
pressure. For this research, liquid nitrogen is proposed. At 1 atm pressure liquid 
nitrogen boils at -195.75°C and freezes at -209.95°C. Making the composites embrittle 
should enable the entire plastic sample to be size-reduced more effectively and could 
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result in the selective embitterment on one material over another if multiple materials 
are used. 
Cryo-grinding is commercially successful for producing and delivering uniformly-
sized fine ground rubber from tires for recycling. Similarly, polymer processing 
companies, molders, and fabricators use cryogenic cooling for remolding to achieve 
fine particle sizes. Belgium's largest scrap processor, George et Cie, attempted to 
recycle whole cars at the rate of 30 tons per hour in 1970 (Energy Digest, 1975). In 
this attempt, the entire vehicle (including the engines, tires, interior, etc.) was 
cryogenically frozen and later on comminuted. The program was not successful. 
Biddulph (1977) was among the first to critically examine cryogenic applicants and 
determined a design chart of minimum residence time to achieve embrittlement of 
pure polyethylene, polypropylene and polyvinylchloride (plasticized). He concluded 
that thickness of the materials also plays a major role in achieving embrittlement. He 
concluded that a thin piece of material with a low glass transition temperature may 
become brittle before a thick piece of material with a high glass transition 
temperature. His series of studies on this subject matter lead to the possibilities of 
some separation techniques for mixed materials based on cryogenic treatment. 
Air Products Company successfully recovered PVC resin from backed vinyl 
upholstery fabrics in 1981. The company recycles rubbers from tires, and different 
plastics from metal. Recyclers of rubber and plastic must achieve fine particle sizes to 
allow the material to be re-formulated or re-incorporated into primary products via a 
molding process. To remove the heat produced by grinding - which can melt, distort, 
or discolor polymers during processing - most of the processes used at Air Products 
use nitrogen as their cooling medium. A later example is the combined American 
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Society of Electroplated Plastics and Air Products and Chemicals effort which 
successfully recovered plastics from electroplated hubcaps using cryo grinding and 
magnetic separation (Dom et al., 1997). 
In 2000, Bain unsuccessfully tried to recover copper from automotive wiring 
harnesses. The entire wiring harness, when immersed, failed to reach the glass 
transition temperature. However, the individual material testing within wiring harness 
proved successful. When the cryogenic method was carried out for individual 
materials, the copper was effectively recovered from the component plastics. In 2004, 
Gente and others applied cryo-comminution to the waste coming from a recycling 
process for spent lead batteries and medical packing blisters. The results demonstrated 
that cryo-comminution effectively improves the size reduction of materials, promotes 
liberation, and increases the surface size of comminuted particles in comparison to a 
comminuted process carried out at room temperature. 
To date, almost all the research conducted in this realm of comminution related 
materials recovery focuses on recovering or separating plastics from metals, or at least 
other non-plastics. Arguably, there could be similar means to separate plastics from 
plastics from the wastes of manufacturing scrap, consumer products, and rejected 
materials. This process can reduce composite materials to required particle size due to 
ease of particle fracture after embrittlement. The other benefits of cryo-comminution 
are the resin quality of recycled plastics could improve due to lesser heat generation 
during comminution or lesser colour distortion (Dom et al., 1997).The grinding or 
crushing energy per unit of product processed is also reduced related to the size 
reduction step during cryo-comminution ( Darbon and Deny, 1988). 
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It should be noted that the glass transition temperature of the commercial polymers 
varies from the pure polymers when additives, fillers -such as glass fibers, and other 
materials are added to the pure resin. The polymer alloy's properties behave 
differently than pure polymers properties. The heat history of the composite - which 
includes injection and molding processes - during manufacturing and application, also 
changes the glass transition temperature. 
Painted surfaces on plastics is one of the major obstacles to recycling plastics. 
Various mechanical and chemical technologies have been developed in past few years 
to develop the process to remove paints and other surface coats. Nishan developed 
chemical paint solvents to chemically remove the paints which proves to be a costly 
process (Mizutani et al, 2000). In North America, GE plastics along with Ford 
Company invented a technology to recover XENOY bumper and MBA Polymers 
along with APC (American Plastic Company) invented another process. Both of the 
processes are water based but seem to include too many unit operations (Hendrix, 
1996).This will not be investigated in this thesis, but does represent a further 
extension of cryogenic applications. 
2.7 Comminution 
Comminution is one of the most important unit operations for processing solid waste. 
The comminution process can liberate desired materials and through size reduction, 
make the handling process easier. Shredding, crushing and granulating are the 
common processes used by the recyclers: high speed granulators are generally used 
by the plastic recyclers and manufacturers, while low speed shredders are usually 
used to shred automobile hulks to deliver SR. In granulation, the cutting action by 
rotating blades is used to comminute the feed materials while the shredders use both 
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shearing force and slow cutting action to shred the feed materials (Wills, 1985). 
Another processing technology is crushing which is used to crush the feed materials 
to deliver size reduced materials. Crushing is usually performed to liberate valuable 
minerals from the gauge - or the matrix of soil and rock - and in some cases to 
process solid municipality solid wastes (Brown, 1978). Among the crushers, Jaw and 
gyratory crushers are most commonly used as primary crushers. In this research, a 
lab compression machine was used to simulate the effect of a slow moving jaw 
crusher. The products of granulated and crushed materials were compared to 
compare the two comminution processes along with two different temperatures 
(room temperature and cryogenics temperature). Figure 2.5 (a), (b) describes the two 
mechanisms occurring during two comminution processes. 
nj? Cutting - L , impact action f^7\ P* * * 5 ^ 
Figure 2.5: (a) Grinding cuts the particles along the edges; and (b) Crushing uses impact 
force on the particles 
This research focuses on selective comminution in which a defined stress causes 
breakage of only one component of the composite. Ideally, this would allow for easy 
separation of one broken material from an unbroken one. 
2.8 Liberation 
Liberation can be defined as the process of reducing amount of different materials 
physically joined to each other as shown in Figure 2.6. Although the concept of 
liberation is well established in mining industry, the liberation concept has only 
received limited consideration in commercial waste management applications. Zhang 
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and Forssberg (1999) did an investigation on liberation of electronic scrap and noted 
that the interfacial bonds of composites in electronic equipment are much weaker and 
smaller than that for minerals in natural ores. 
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Figure 2.6: Liberation process during comminution 
The difference in physical or chemical properties of different material such as 
ceramics, glasses and metals may facilitate liberation. Jekel (2003) studied on the 
liberation process of different types of thermoplastics such as ABS and PVC, which 
were fastened together in a variety ways. He found that from among different joining 
techniques, a higher level of liberation can be achieved if mechanical fasteners like 
rivets are used as opposed to adhesives. Loehr and Melchiorre (1996) proposed two 
possible comminution scenarios for liberation: 
1) Summative Comminution: In summative comminution, the material is 
chopped and is unaffected by its structure and material interface. The particles 
consist of either pure materials or a combination of materials. 
2) Selective comminution: Selective comminution depends on the item's 
constitution and structure. If the materials are divided during comminution, the 
joints between materials fail during comminution and the composite is divided 
along their interfacial area, or the area where the joint is located. If the 
materials are stripped from one another during comminution, the bond 
between materials fail due to the preferential fracturing of one material and the 
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other material ideally remains unbroken. The particles ideally then consist of 
pure materials in selective comminution. 
2.9 Particle Size Distributions 
The size distribution of particles can be expressed by an equation describing the 
distribution of various size fractions. Although particles usually span a range of sizes 
after comminution, characterizing the size distribution allows for analysis and 
comparison of one output set against another. It is usually depicted as sigmoidal 
curves plotting mass fraction smaller than a particle size as a logarithmic function of 
particle size (Vesilind et al., 2002). The size corresponding to the 50% passing, dso 
was adopted as a representative parameter of the size distributions. The d25, dso, d 75 of 
the products was also obtained to derive the probable deviation ( Ep) as an indicator 
of the precision achieved in the two types of comminution process. The equation is: 
Ep= dis-d2s t
1) 
The lower the Ep value, the higher the precision of the comminution process (Gente, 
2004) which also represents the characteristic size distribution. The Ep values 
achieved by different operating conditions for two comminution processes were 





3. SCOPE OF THE RESEARCH STUDY 
The research focused on improving plastics recovery from auto part wastes as an 
example of a complex consumer product. Based on the literature reviewed, the higher 
the level of liberation through comminution, the higher the supposed potential to 
recover greater quantities of materials. The first phase of the research focuses on 
studying the factors affecting the average particle size and particle size distribution of 
the particles and the degree of liberation while comminuting the auto parts (Table 3.1) 
using a laboratory granulator. 






Bezel for the 
odometer 
Rear Bumper fascia 
Materials 
PP (polypropylene), PC (polycarbonate), PMMA 
(Polymethyl methacrylate), UP(unsaturated polyster resin), 
Rubber 
PC (polycarbonate) 
HDPE (High-density polyethylene) 
ABS (Acrylonitrile butadiene styrene) 
TPO (Thermoplastic olefin) 
Phase one research scope 
Auto parts composed of different thermoplastics were used in this study to determine 
the effects material properties have on the degree of liberation after comminution. 
Depending on their physical properties like tensile strength, impact strength, they are 
expected to comminute different ways. Jekel (2003) studied this aspect using 
laboratory prepared samples of pure ABS, PC, and ABS joined with PC. While his 
samples were of differing thicknesses, they were all the same footprint size 
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(rectangular sheets of the same length and width). However, physical properties of 
composite plastics vary widely when compared to pure polymers depending on the 
added glass fiber, fillers, and its heat history during manufacturing and application. 
As a result, the fracture behavior of composite plastics during comminution was 
expected to not be the same as that of pure thermoplastics. In this first phase, the 
physical properties (Table 3.2) of the auto parts will be investigated to determine the 
resulting difference in particle sizes. 
Table 3.2. Summary of significant material properties considered in phase one ( Epel 
et al., 1988) 
Properties 
Tensile strength at 
yield per ASTM 
D 638, MPa 
Izod impact 
strength per 
ASTM D 256 A, 

































(*) Data presented is for high impact. Moderate and low impact plastics are also available, but given 
the application is in vehicle use, high impact plastic is assumed. 
(**) Data presented is for UP-GF40%: UP-GF10% data is not available. 
The effect of impact strength should be one of the first properties to be considered 
because it approximates the resistance to breakage under high velocity conditions. 
Low impact strength indicates a brittle material which should break in a sharp fracture 
and high impact strength indicates a tough material that resists fracture. The tensile 
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strength measures the maximum applied stress to any material before it breaks. The 
differences in physical properties are expected to produce different behaviours and 
outputs during and after comminution, with the expectation that any separation 
process can then take advantage of this difference in breakage outputs. 
Typical headlamp, fog lamp, fluid holder, and fascia assemblies were comminuted to 
investigate the effect of geometry in the liberation process. Unlike Jekel (2003) who 
used rectangular sheets, "real life" parts with curved and unusual geometric shapes 
were used in this study. Studying the effect of the geometries of the auto parts would 
help determine if the actual shape and design of certain parts improves comminution. 
To assess different shapes and their effects on comminution, cylinders - such as seen 
via windshield washer reservoirs- were included. Fog lamps were included to assess 
what happens when different thickness of same materials are jointed together. 
Headlamps have different materials of different thickness joined together. To assess a 
sheet or flat geometry in the study, bumper fascia and bezels for instrument read outs 
were included. 
The effect of different fastening methods used in commercial composites on the 
degree of liberation achieved was also investigated. The study focused on adhesives, 
press and snap fits, clips, rivets, vibration welding and heat stakes which are 
commonly used in the automotive industry. Point source fastening methods such as 
metal screws, clips, rivets are excluded in this project because metals are easily 
recyclable by magnetic separation. 
The degree of comminution occurring in the granulator was found to significantly 
affect the resulting average particle size and particle size distribution for the 
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laboratory prepared ABS/PC samples (Jekel, 2003). When using exits screens with 
small diameter openings, the liberated materials were comminuted repeatedly before 
passing through the granulator exit screen, resulting in much finer output than desired. 
Instead, using a larger exit screen in the granulator may reduce the degree of 
comminution in the granulator while still achieving liberation. The material properties 
might influence the particle size distributions: this may be observed by using larger 
exit screens. Five different levels of exit screens (4.76 mm, 9.50 mm, 19.00 mm, 
25.40 mm, and 38.00 mm) were used in this study; previously, Jekel (2003) did not 
investigate the potential benefits of using larger diameter screens (i.e., 25.40 mm and 
38.00 mm). The granulator used in this research is normally used to recover materials 
from sprues, runners, and occasionally other defective plastic parts during the 
production process. This is why, smaller exit screens are fitted to the granulator to 
restrict the maximum particle size output in plastic manufacturing industries. In this 
research, larger exit screens that represent a reasonable range of larger diameters are 
used to better understand if the output sizes are affected to avoid mixing of different 
comminuted materials and to increase separability. The outcome of this research 
could also suggest that such granulation operations could also apply to recovering 
post consumer plastics, as opposed to just recovering manufactured scrap or defects. 
In summary, phase one of this research examines how the material properties and 
shapes affects the liberation of plastics from actual automotive parts, as compared to 
lab samples prepared previously by Jekel (2003). 
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Phase two research scope 
Headlights and taillights composed of two materials were selected in phase two as 
representative auto parts to assess the potential benefit of preconditioning composite 
plastics prior to comminution to improve liberation. The polymers of the auto parts 
used in phase two are shown in Table 3.2. 
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Explorer PC= 4.3 mm, 
UP-GF10%=2.8mm 
Taurus PC=4.53 mm, 
UP-GF 10%= 2.8 mm 
PMMA=2.7 mm, 
ABS=2.6 mm 
In the second phase, the difference in thermal properties such as glass transition 
temperature of the component materials of the selected auto parts is considered. This 
is to determine that if materials are sufficiently similar after comminuton, then a 
pretreatment effort such as cryogenic freezing. Furthermore, because composite 
thermoplastics are different than the pure thermoplastics, the glass transition 
temperatures of the materials and adhesives of selective auto parts needed to be 
measured, instead of referencing them from a database. Pure ABS will be first used 
to test the effect of moving from a ductile to brittle phase. ABS has a glass transition 
temperature of 110°C, meaning it is already brittle at room temperature. Therefore, 
comminuting ABS at room temperature, and then at a temperature above 110°C in 
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which it is at the ductile stage, would provide a unique opportunity to determine the 
differences brought about by the change from ductility to brittleness prior to applying 
cryogenic freezing. 
Prior to beginning the formal testing in phase 2 of this research, ABS was heated to 
140°C to render it ductile and then comminuted. If there was a significant change 
observed in the particle size distribution and average particle size in case of pure ABS 
between its brittle and ductile phases, then composite plastics with ABS may also 
undergo similar changes. However, these preliminary trials failed to produce any 
significant difference. Instead, cryogenic freezing was applied before comminution 
because low temperatures increase the embrittlement of plastics and weaken the 
bonds at the interface between joined plastics. 
Two types of comminution processes, along with preconditioning with cryogenic 
temperatures, were tested to determine which size reduction process performed more 
effectively. Investigating the feasibility of preconditioning with cryogenic freezing 
before comminution to better recover plastic from waste is expected to assist in 
developing simpler and more economically viable technologies involving lesser unit 
operations. 
Grinding is commonly used to process used tires and plastics for recycling in North 
America. Grinding with smaller exit screen delivers fully liberated but very small 
particles which are not easy to separate. Larger exit screens produce larger ground 
particles, but the likelihood of unliberated plastics increases: the result is "joined" 
particles in the product which are essentially contaminants (i.e., non pure output 
streams). The aim of this research is to determine a suitable comminution process for 
recycling thermoplastics in different conditions of process temperature. Improving the 
separability of different materials after comminution by delivering more greater 
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liberation without finer comminution is another objective of the research. Probable 
deviation Ep (ecart probable) which is an indicator of the precision achieved in the 
comminution process can also used as the indicator of size range of the particles. 
Although this research does not investigate after comminution separation 
technologies, hydro cyclone technology could be used afterwards to further separate 
the particles. If so, then the minimum and maximum sizes of the comminuted 
particles would be between 1-10 mm (Hendrix et al. 1996). However, for practical 
considerations in terms of performance, setting the outer size limits to 1 mm and 10 
mm means working at the threshold of equipment performance. This study will 
assume a 2 mm buffer on either side giving a range of 3 mm to 8 mm. The Ep of the 
product particles of grinding would then be 2.5.' 
The headlights and taillights samples used in this research represent unique 
geometries that have different thermoplastics are joined togetheralong a single line or 
seam. If proper preconditioning can weaken the bond of that joint then crushing the 
auto parts to break the joint but not the materials themselves may be another option 
instead of grinding them into smaller particles. As a benefit, separating the larger 
chunks of plastics should be easier. In such a case, Near-Infrared Ray (NIR) 
technology can be used for separating different plastics afterwards ( Hendrix et al. 
1996). In this case, the ideal Ep of the product particles of crushing would be 15 (size 
range 40 mm to 70 mm considered).2 
1 Ep= (D75- D50)/2 or Ep= (8-3)/2=2.5 
2 Ep= (D75- D50)/2 or Ep= (70-40)/2=15 
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Finally, applying liquid nitrogen to cryogenically freeze the plastics would make the 
plastics brittle. This may reduce the energy required for granulation. This research 
will include a brief analysis to determine if the energy used for granulation decreases 





4. EXPERIMENTAL METHOD 
The research was conducted in two phases. In the first phase, randomly selected auto 
parts were comminuted by a lab granulator using five different exit screens. The 
comminuted product was taken to sieve and separation analyses. The sieve analyses 
provided the particle size information required for evaluation of particle size 
distribution relationship. The separation analysis was used to determine the extent of 
material liberation after each comminution. The outline of experimental procedure for 
phase 1 is as follows: 
Cutting the samples into smaller pieces 
Grinding in the granulator 
I 
Sieve analysis to obtain characteristics curve 
for the total particles using sieve stack or 
solidsizer. 
iz. 
Separation into individual materials 
Resieve to obtain the characteristics curve 
for individual materials 
iz. 
Evaluating size distribution of product and 
statistical analysis 
Room Temperature 
Varying exit screens 
in the granulator 
Figure 4.1: Experimental procedure of phase one 
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In phase 2, only headlights (consisting of two materials) and taillights (consisting of 
two materials) of were used to determine the extent of material liberation and particle 
size distribution. Figure 4.2 outlines the major steps in phase two. 
Presizing the parts into smaller pieces 
iz. 
Measuring glass transition temperature of 





Grinding in the 
granulator 
Sieve analysis to obtain characteristics 
curve for the total particles using sieve 




Resieve to get the characteristics curve 
for individual materials 
iZ. 
Evaluating size distribution of product 





Grinding in the 
granulator 
iz. 
Sieve analysis to obtain characteristics 
curve for the total particles using sieve 
stack or solidsizer. 
Material separation 
iz. 
Resieve to get the characteristics curve 
for individual materials 
iz. iz. 
Evaluating size distribution of product 
and statistical analysis 
Figure 4.2: Experimental procedure of phase two 
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4.1 Recognizing the materials of the auto parts 
The auto parts were taken to ARDC (Automotive Research and Development Center), 
Windsor to identify the plastic types and their glass fiber content within the auto parts 
using the "Bruker" (infrared spectrometer). The Bruker is a specular-reflectance 
instrument usually used to rapidly identify the polymer materials of any particular 
auto part. The Bruker Vector 22 model used at ARDC is designed to operate in an 
industrial plant and has database of more than 160 spectra representing approximately 
30 different polymers, polymer blends, and polymer/filler composites. The instrument 
can recognize fillers (especially glass) and its percentage content in the polymer 
matrix if there is a match to the reference library with a best fit scenario, however, it 
can not confidently identify with 100% assurance. A smooth, paintless surface is 
necessary to produce a superior infrared signal with specular-reflectance resulting 
more accurate identification of the polymers. 
4.2. Measuring the glass transition temperature (Tg) of the materials 
From the literature, the glass transition temperature (Tg) of pure thermoplastic can be 
found but the glass transition temperatures (Tg) of real world composite plastic 
material cannot be readily found in the literature. Manufacturers of composite plastics 
vary the percentage of the glass fibers and other additives contents in the polymers 
according to the customer's requirements. There have been few initiatives to identify 
the physical properties of these real world plastic composites. In this research, the 
glass transition temperatures of the materials within the headlight and taillight were 
experimentally determined by Differential Scanning Calorimeter (DSC). 
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Figure 4.3: Differential Scanning Calorimeter (DSC) (Mass Spectrometry Laboratory, 
courtesy Dr. Eichorn, University of Windsor) 
Approximately 10 mg mass from two different places of each material (UP-GF 10%, 
ABS, PC, PMMA, adhesive) and pure PC, PMMA, ABS were collected. Each sample 
was collected in a mini-crucible and the crucible was sealed with a lid once the 
sample was laid inside. Eight crucibles per batch were positioned inside the 
Differential Scanning Calorimeter. Using the software, the input variable data were 
given. Subsequent heating-cooling cycles was applied to each sample. The software 
generated a thermogram which profiled the instantaneous rate of change in heat 
capacity (AQ/At) against temperature (T) for each sample. The Tg values for the 
materials were then obtained from these plots using the software. 
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4.3 Oven testing 
The applicability of changing material's brittle nature to a more ductile nature to 
obtain a difference in particle size distribution of the products was first studied. A 
gravity driven oven with a heat range from room temperature to 300 C and had no air 
blower was used to heat up a piece of pure ABS plastic materials measuring 9cm (L) 
by 15 cm (H) by 1.27 cm (W). As the glass transition temperature of pure ABS is 
110° C, the test specimen was heated from room temperature to 140° C on a glass tray 
to render it ductile. Unexpectedly, the plastic temperature did not rise consistently 
along with the increasing temperature of the oven. In order to monitor the temperature 
rise of the plastic material itself, a thermocouple wire was inserted inside the sample 
and the temperature of the sample was monitored by a thermocouple from outside. 
The heated piece of pure ABS was then communited using the granulator using 25.4 
mm exit screen and size analysis was obtained. To compare the result of heated pure 
ABS, a piece of pure ABS of same dimension was comminuted in normal room 
temperature using the same exit screen. Three repetitions were carried out for both 
temperatures. 
4.4 Presizing plastic samples 
The auto parts were cut using a laboratory cutting table and electric saw into smaller 
pieces of approximately equal weight to facilitate the processing of cryo-treatment 
and communition. 
4.5. Preparing the auto parts for cryo treatment 
A hand drill and drill bits (numbers 46 and 48) were used to drill an approximate 2.5 
cm deep hole along the edges of the auto parts to allow for measuring the temperature 
at the central core of each material. The thermocouple tip was inserted inside and the 
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hole was sealed with grease to prevent the liquid nitrogen from entering and directly 
contacting the wire (Figure 4.4). The grease used in these experiments was high 
vacuum, inert, and heat stable. 
Figure 4.4: preparing the auto parts for preconditioning 
4.6 Preconditioning with cryogen 
For cryogenic treatments, two procedures immersion batch freezing and liquid 
cryogen freezing system - are usually used (Dean et al, 1985). For this study, the 
immersion batch freezing system was used for preconditioning the auto parts. The 
parts were simply dipped in the liquid refrigerant (liquid N2) for sufficiently long 
period of time until they reached the desired temperature. In our experiment, a 
twenty-five litre capacity lab-size cryo-chamber was used for the purpose. To reach 
the cryogenic temperature before comminuting, the auto parts were subjected to the 
cryogenic environment for 30 minutes in the second phase of testing. The 
temperatures of the materials of the auto parts were again monitored by 
thermocouples (Figure 4.5(a) and (b)). The thickness of the auto parts in these 
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situations was insignificant in preventing the cooling from spreading throughout the 
auto part. The temperature of the auto parts reached -192° C within one or two 
seconds but the temperature readings were not steady for 10 to 12 minutes. As a 
precaution to ensure the parts were sufficiently and steadily cooled, all the auto parts 
were emerged in the liquid nitrogen for 30 minutes. 
Figure 4.5(a): Preconditioning the auto parts with liquid nitrogen 
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Insulated Lid 
Auto parts immerged 
in liquid N2 
The measuring wire of 
thermocouple is injected 
through the hole in the 
auto parts material. 
Insulated Cryo-chamber 
Figure 4.5(b): Schematic diagram of the preconditioning to demonstrate the process 
4.7 Comminution 
4.7.a Granulation 
The granulator which was used for this research is a 10 Hp Gloucester model 1012BP 
with 3 rotating blades mounted on an open rotor and one fixed bed blade. It is 
designed to handle thick pieces of plastic at low volumes. Granulators are almost 
always fitted with an exit screen in industrial applications in order to restrict the 
maximum particle size of the product. For this research a series of 38mm, 25.4 mm, 
19.00 mm, 9.50 mm, and 4.76 mm exit screens were used. Jekel (2003) tested the 
comminution of pure ABS and PC, running twice through the granulator without an 
exit screen and with an exit screen. He found out that without exit screen, the 
performance of the granulator was not satisfactory. As a result, for this study all auto 
parts were run through the granulator with varying exit screens. However, as 
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previously stated, Jekel (2003) did not have the larger exit screen sizes (25.4 mm, 38 
mm). 
For each granulator run, the running time was fixed at 2 minutes in the first phase. In 
the second phase, although the granulation time was fixed for 2 minutes, the 
approximate granulating time of the auto parts was recorded when there was no more 
audible grinding of materials for energy calculations. Although this may appear as an 
imprecise method for determining the trial end time, it proved satisfactory based on 
repeated visual inspection of the granulated output: from a practical perspective, it 
was also perhaps the only means of determining the end point of the granulation. A 
clean-up routine was established to avoid material loss and contamination from 
successive samples. These include collecting the sample particles contained in the 
machine's crevices and tray by using a hand held vacuum cleaner. Each sample was 
weighed before and after granulation to trace material loss. Applying the aerosol 
Static Guard to the inside wall of the granulator and to the blades helped to reduce the 
electrostatic effect of particles sticking to the various interior surfaces. The thermo 
couple wires which were used to monitor the temperatures of the auto parts were 
removed from the auto part before granulation. 
4.7.b Crushing machine 
Because an industrial type crusher was not available, a laboratory press for 
compression testing was altered to crush the auto parts (Figure 4.6). The maximum 
load of the device is 300,000 lbs, which consists of first mechanical loading, followed 
by hydraulic loading. Two flat steel plates 25.4 cm in diameter, and 5.08 cm thick 
were grooved to more securely hold the auto parts between the top and bottom 
loading surfaces of the press. Unfortunately, the experiments carried out with this 
machine were unsuccessful. The press applied very high loads at a very slow rate and 
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as a result, the auto parts did not break but instead were pressed flat into "sheets" 
crushed material. 
Figure 4.6: Laboratory heavy duty press 
A second crushing experiment was devised which used a smaller size compression 
machine (Figure 4.7). The maximum capacity of the machine was a much smaller 
10000 lb. A universal flat load cell of maximum capacity of 5000 lb was used to 
measure the force applied to crush the auto parts. The load cell was of 2MV/V and 
350 £1 and it was connected to a computer to output data by a wire. The load-cell was 
calibrated first for the experiments and initial -86 N offset was found. The off-set 
force is actually the force applied to the auto parts due to the weight of the load-cell 
itself. The output data was set to convert the measured microstrain (length) to N 
(force) and for each data point, and the off-set value was deducted to calculate the 
actual force needed to crush the auto parts. The compression machine has two flat 
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bars of 22.86 cm diameter and 2.54cm of thickness. The maximum gap of the opening 
between the two gaps is of 12.7cm. All the auto parts were first dipped into liquid 
nitrogen for 30 minutes, and then into a heavy duty plastic bag which was sealed. The 
plastic bag was essential to retain crushed plastic parts for weighing without having 
crushed bits spill over onto the lab surfaces and possible lost and therefore 
unaccounted. The frozen sample was immediately placed on the machine and the 
crushing was started. For efficiency and quality control, it was necessary to have two 
persons run this experiment. 
Figure 4.7: Small capacity compression machine 
4.8. Data acquisition machine 
The top of the compression machine had the load cell which was connected through a 
channel to a data acquisition computer by a wire. The channel box had two other 
channels connected to the thermocouple wires to measure the temperatures of the two 
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materials of the auto parts while crushing. These 3 channels measured the load 
required to crush a particular auto part and monitored the temperatures of the two 
materials of that auto parts in every second. Dalite software was used to obtain the 
measured data. A conversion factor of 2.69 was used to convert the micro strain data 
to force data in the software (Figure 4.8). 
Figure 4.8: Set up for crushing the auto parts 
4.9.a Size distribution analyses using SolidSizer 
The size distribution of the granulated particles was evaluated by using a device 
named Solidsizer, which delivers particle size analysis information by capturing video 
images of a stream of falling particles. The particles were delivered to feeder pan 
through a sample chute in the Solidsizer. The pan vibrates to ensure a mono layer 
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flow of the samples and controls particles flow over the slip plate. The camera 
mounted opposite of the slip plate captures still images or record video of the particles 
flow. The Solidsizer software separates particles from back ground of an image. By 
analyzing the image, it can measure and deliver size, intensity and color information 
for each particle. 
Backward Lighting with clear slip plate 
Forward Lighting with metal slip plate 
Figure 4.9: Front and back lighting system of Solidsizer for opaque and transparent 
materials respectively 
Depending on the color, opacity or intensity of the particles, a clear glass slip plate or 
opaque painted metal slip plate can be used. To provide a better contrast between 
different colored particles and the background, various colored laminated paper can 
be used under the clear glass slip plate to change the background color. The Solidsizer 
has two different lighting options - front lit and back lit - with an adjustable light 
intensity system. To capture images of opaque particles, a front light with opaque 








painted slip plate is to be used; for transparent colored particles, a back light with 
clear glass slip plate is to be used. Transparent colored particles will appear to have 
color. This will provide sufficient contrast so that the Solidsizer will give accurate 
particle size analysis of both transparent and opaque particles (as shown in Figure 
4.9). 
By adjusting the camera zoom and focus, particle sizes ranging from 30- 30000 
micron (approximately) can be measured. From the recorded video, the SolidSizer 
software allows automatic analyses based on the major and minor axes, color, aspect 
ratio, etc. of each of the particles and number of particles for each type of materials. 
The software can also generate automatic graphs which replicate sieve analysis 
according to ASTM standards. However, as the particles were almost too small when 
it was cryo-comminuted, the minimum pixel factor of the camera of Solidsizer was 
unable to detect the minor axis of some portion of the particles. To avoid such errors, 
size distribution analyses using sieve stack was used as an alternate method. 
4.9.b. Size distribution analysis using sieves 
To confirm the analysis obtained by Solidsizer, the sieve analysis was also performed 
using wire cloth sieves mounted in 8-inch circular frames according to method A of 
ASTM D 1921 and also conforming to ASTM E l l . However, the sieve stack used 
normally only spans from 37.5 mm to 0.85 mm. In this research, it was necessary to 
measure granulated particles much larger than this upper range, and an "extended" 
sieve stack ranging of 147.5 mm to 2.36 mm range was used to measure the crushed 
particles. 
To measure the large pieces of auto parts after crushing, larger wooden sieves ranging 
from 76.2mm to 147.5 mm were made. The sieve analysis provided the data to 
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determine the liberation achieved in various size fraction. Static become a problem 
during the transfer of materials and sieve analysis. Applying the aerosol Static Guard 
to the funnel which was used to transfer materials from granulator tray to carrier tray, 
the sieves, and brushes helped to reduce the electrostatic effect. 
4.10. Material separation 
The comminuted commingled particles was divided into each material streams. Jekel 
(2003) was unable to separate the different thermoplastics particles by using common 
table salt and sugar solution to selectively sink/float different plastics. Although 
density separation was not within the scope of this study, a similar density experiment 
was attempted but also proved unsuccessful. For the purpose of separation, the 
liberated and joined materials were separated by hand. In this study, the color 
difference among the plastic particles allowed for visually identifying and separating 
the different types of plastics. 
4.11. Energy calculation for the granulator 
The wires of the three-phase motor of the granulator were pulled out to measure the 
current flow of the motor while the granulator was working (Figure 4.10). A clip-on 
ammeter was used to measure the current flow of the motor when the granulator was 
running but not loaded, when auto parts were grinding in normal room temperature, 
and when auto parts were grinding after being cryogenically frozen. The same weight 
was fed into the granulator while grinding at normal room temperature and cryogenic 
temperature to measure the current flow difference in the wires of the motor, which in 
turn can estimate the energy required to rotate the motor of granulator. The difference 
in the energy consumption by the motor in two temperatures will determine if 
cryogenic comminution saves energy during granulation. 
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Figure 4.10: Clip-on ammeter to measure current flow 
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Chapter 5: 
Results and Discussion 
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5. RESULTS AND DISCUSSION 
The results and discussions are divided into two phases. In the first phase, physical 
properties like tensile strength, impact strength, of the various materials of those auto 
parts were considered to obtain the difference in particle sizes. The outcome of phase 
one then led to a further investigation of two representative auto parts as such as 
headlights and taillights which are composed of two materials to assess the potential 
benefit of preconditioning composite plastics to improve liberation. 
In the second phase, the difference in thermal properties such as the glass transition 
temperature of the materials of the two auto parts (headlight and taillight) was 
considered. Preconditioning with liquid nitrogen could weaken the joints of the auto 
parts which would improve liberation during comminution. Along with granulation, 
crushing was also conducted to increase the separability of the auto parts by breaking 
them into larger "chunks" Phase two contains results of comminution and liberation 
behavior of two selected auto parts during crushing and grinding with and without 
preconditioning. The energy requirements to grind and crush the auto parts (headlight 
and taillight) will also be discussed. 
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5.1 Phase one- grinding of various auto parts at room temperature 
Phase one describes the results of the comminution and liberation behavior of five 
randomly selected auto parts. 
5.1.1 Particle size distribution of comminuted auto parts at room temperature 
Appendix A contains the sieve analysis mass data and detailed analysis for all the 
phase one auto parts testing. Figure 5.1.1 shows the particle size distribution for the 
products from five different levels of comminution (a series of 38mm, 25.4 mm, 









- Rear Bamper Fascia 4.76 mm exit screen 
-Foglamp 9.5 mm exit screen 
- Rear Bumper Fascia 9.5 mm exit screen 
- Headlight Total Particles 19 mm exit screen 
- Foglamp 25.4 mm exit screen 
- Foglamp 38 mm exit screen 
10 
Particle Size x (mm) 
—•— Bezel 9.5 mm exit screen 
100 
-Headlight Total Particles 9.5 mm exit screen 
Windshield washer reservoir 9.5 mm exit screen 
- Rear Bumper Fascia 19 mm exit screen 
- Windshield washer reservoir 25.4 mm exit screen 
- Windshield washer reservoir 38 mm exit screen 
Figure 5.1.1: Particle size distributions of various auto parts after granulation at room temperature 
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The shape of the particle size distribution appears sigmoidal, as expected from the 
general literature The average particle size of the auto parts after granulation is 
shown in Table 5 1 1 























































5.1.2 Factors affecting particle size of comminuted auto parts at room 
temperature 
The factors which may have played important role in liberating particles are 
• Material properties 
Material properties of the polymers in the composites did not affect the degree of 
liberation and comminution process All the matenals broke in the similar manner for 
smaller exit screens (such as 9 5 mm) The null hypothesis is that regardless the 
material properties, the size distribution of all the materials will be the same this was 
accepted both at 001 and 05 significant level (using chi-square method) Figure 
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5.1.2 shows the size distribution of different materials at this screen size, and the 
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Figure 5.1.2: Size Distribution of Different Materials with Exit Screen 9.5 mm 
• Geometric variation 
Parts such as headlamps, fog lamps, windshield washer reservoirs, and fascia 
assemblies contain wide variety of geometric shapes and arrangements, as well as 
varying thicknesses. These were comminuted to investigate the effect of geometries in 
liberation process, which Jekel (2003) also found to be negligible for his simply 
shaped plastics. As with his previous research, the effect of the geometries and 
thickness of the samples were again found to be negligible. This leads again to the 
hypothesis that the exit screens play a dominant role, and possibly that the granulator 
may not be the most appropriate representation of post-consumer handling. 
• Fastening method 
Most of the joints of the composites were snapped together or joined by an adhesive. 
In the case of signal bulbs, the joint was completely liberated for each run using 
different exit screens. In case of headlamp, 99.33% liberation occurred while using 19 
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mm exit screen and 99.60 % liberation occurred while using 9.5 mm exit screen. The 
headlamp had different fastened areas. Four large screws within the headlamp which 
were used to join the reflector and bezel with the housing were removed before 
grinding. This was to prevent damage to the granulator but as a result, the effect of 
screws was not studied. Plastics from the headlamp that used snap-together joints 
were completely liberated. However, the different plastics along the adhesive 
interface which joined the housing and lens together were not liberated at all when 
granulated using the 19.5 mm exit screen. The other fastening methods, like press and 
snap fits, vibration welding and heat stakes used in the composites were found not to 
affect the liberation process. 
• Degree of comminution 
The degree of comminution occurring in the granulator is found to significantly 
impact the average particle size distribution for the commercially manufactured parts. 
Five different levels of exit screens (4.76 mm, 9.50 mm, 19.00 mm, 25.40 mm, and 
38.00 mm) were used to control the degree of comminution. Larger exit screens in the 
granulator were found to reduce the degree of comminution and increase the average 
particle sizes in the granulator output. Figure 5.1.3 shows the size distribution of PC 
while using different exit screens. The null hypothesis that regardless of the material 
properties, the size distribution of the materials will be the same using different exit 
screens was accepted both at .001 and .05 significant level (using chi-square method) 
for successive exit screens from 4.76 mm to 19mm. In contrast, the null hypothesis 
was rejected both at .001 and .05 significant level while using the larger exit screens 
which are 25.4 mm and 38.00 mm. In other words, the degree of communition is 
unaffected below a certain screen size (supposedly between 19 mm and 25.4 mm), but 
affected above this size. 
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Larger exit screens in the granulator were found to reduce the degree of comminution 
and increase the average particle sizes in the granulator output. Figure 5.1.3 shows the 
size distribution of PC while using different exit screens. The null hypothesis that 
regardless of the material properties, the size distribution of the materials will be the 
same using different exit screens was accepted both at .001 and .05 significant level 
(using chi-square method) for successive exit screens from 4.76 mm to 19mm. In 
contrast, the null hypothesis was rejected both at .001 and .05 significant level while 
using the larger exit screens which are 25.4 mm and 38.00 mm. In other words, the 
degree of communition is unaffected below a certain screen size (supposedly between 
















-•— Particles with exit screen 9.5 mm 
-•— Particles with exit screen 25.4mm 
Particles with exit screen 38.9 mm 
0.1 1 10 100 
partcile size x(mm) 
Figure 5.1.3: Size Distribution of PC with exit screen 9.5 mm, 25.4 mm, and 38.0 mm 
5.1.3 Ep (probable deviation) values of comminuted auto parts at room 
temperature 
Ep is the probable deviation of the precision achieved in the comminution process: the 
lower the Ep value, the higher the precision of the comminution process (Gente et al. 
2004). Table 5.1.2 shows the Ep values of the auto parts for different exit screens. The 
Ep value of different materials for any particular exit screen varied: this implies the 
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characteristic range of the size distribution of different matenals varied according to 
materials properties. From Table 5.1.2, the Ep value for the 9.5 mm exit screen varied 
from 0.924 to 1.775, depending on the material physical properties. To confirm this 
observation, phase two of the research included additional testing. Lastly, the Ep 
value of the different auto parts also increased with increasing diameter sizes of the 
exit screens (Figure 5.1.4). The larger the screen size, the higher the Ep value was 
observed for any particular auto part. 
Table 5.1.2. Ep values of different auto parts 
Auto parts 
Headlight 

































































In the case of the rear bumper fascia, although the average particle size of the product 
(5.47 mm) using 9.5 mm exit screen was larger than the average particle size of the 
product (4.02 mm) of 4.76 exit screen, the 9.5 mm exit screen delivered comminuted 
bumper fascia particles with lower Ep value (1.775) than the Ep value (1.915) of the 
4.76 exit screen. This suggests that using smaller exit screen does not always provide 
a narrower size range of the particles. 
a. 
Ed 
0.5 1 1.5 2.5 3.5 
Exit screen Size (mm) 
• Head light (total particles) • Bezel for the odometer 
- Rear Bumper Fascia —— Windshield washer reservoir 
-Foglamp 
Figure 5.1.4: Ep values of various auto parts with different exit screens 
5.1.4 Liberation behavior of comminuted auto parts at room temperature 
Little or no joined materials remained from the trials of different auto parts after 
granulation. In case of the headlamp, the percentage of nonliberated particles was 
0.66% while using the 19 mm exit screen, and the percentage was 0.40% when 9.5 
mm exit screen was used. Different plastics in all the other auto parts were completely 
liberated after granulation. Table 5.1.3 shows the liberation percentages of the 
comminuted particles of the auto parts. Although almost 100% liberation was 
achieved by granulating the auto parts, the mixed particles were too small to separate 
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them easily. Thus, while granulating single plastic auto parts with small exit screens 
may be a feasible option, granulating multi-plastic auto parts with very small exit 
screens may not be preferable as a first stage of comminution process. Because of 
this, in phase two of the research preconditioning with liquid nitrogen before 
granulation and crushing were investigated to determine if comminution process -
and specifically liberation - could be improved by preconditioning. 
Table 5.1.3. Liberation data for various auto parts using different exit screens 
Auto parts 
Headlight 






































5.2. Phase two: cryo-grinding and cryo-crushing of selective auto parts 
In this phase, preconditioning the selective auto parts with liquid nitrogen was carried 
out to determine if freezing improves liberation during comminution. This phase 
contains results of comminution and liberation behaviour of headlights and taillights 
after crushing and grinding with and without preconditioning the auto parts with 
cryogen. In the second phase, the difference in thermal properties such as the glass 
transition temperature of the materials of the two auto parts (headlight and taillight) 
was considered. The energy needed to grind the auto parts will also be discussed in 
phase two. 
5.2.1 Using larger exit screen in the granulator at room temperature 
Because the exit screen of the granulator significantly controls the degree of 
comminution, using a smaller exit screen can cause the materials to be comminuted 
more than desired. This can lessen the difference between the average particle sizes of 
the two materials if there is an initial difference based on their physical properties. If a 
larger exit screen is used, the residence time of the materials inside the granulator 
would be less. It would then be possible to determine if a lesser degree of 
comminution of the materials allows property differences of the materials to affect on 
the average particle size and particle size distribution. This argument was brought up 
in Section 5.2 previously. Appendix B contains the sieve analysis mass data for all the 
auto parts used in phase 2. Table 5.2.1 and Figures 5.2.1 and 5.2.2 show the results of 
the total particle average sizes and size distributions for headlights and taillights while 
using three different exit screens (19 mm, 25.4 mm, 38 mm). The shape of the particle 
size distribution appears sigmoidal as observed in phase one for the other auto parts. 
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Table 5.2.1. Average particle size, liberation rate, Ep value of the auto parts using 
































































1 10 100 
Particle size x (mm) 
—•—headlight product of 19 mm exit screen 
—•— Headlight product of 25.4 mm exit screen 
—*— Headlight product of 38 mm exit screen 
Figure 5.2.1: Size distribution of the total particles of the headlights using three exit 
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1 10 100 
Particle size x (mm) 
—•— Taillight product of 19 mm exit screen 
—•—Taillight product of 25.4 mm exit screen 
* Tailllight product of 38 mm exit screen 
Figure 5.2.2: Size distribution of the total particles of the taillights using three exit screens 
(19 mm, 25.4 mm, 38 mm) in the granulator at room temperature 
The results for room temperature grinding using three different exit screens show that 
the average particle size increased while using larger exit screens. On the other hand, 
the liberation rate decreased while using larger exit screens. This outcome reduces the 
effectiveness of later material separation efforts, but may be then enhanced by 
cryogenic freezing or some other form of preconditioning. 
The average particle sizes for headlight and taillight were approximately the same for 
any particular exit screen. The Ep values also increased while using larger exit 
screens. As the lower the Ep value means the higher the precision of the comminution 
process, the exit 19 mm screen would be the best option among the 19 mm, 25.4 mm, 
38 mm exit screens according to the results. However, if a hydrocyclone - which is 
popular with some commercial recovery operations is to be used for separating 
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materials afterwards, it is suggested to use 19 mm exit screen for the taillight as the 
Ep value for that particular exit screen is closer to 2.5 (as discussed in the scope of 
this research); for headlights either 19 mm exit screen or 25.4 mm exit screen can be 
used. 
• Factors affecting the particle size of granulated headlights and taillights at 
room temperature 
To determine if the differences among the material properties of PC (headlight), UP-
GF 10% (headlight), PMMA (taillight), and ABS (taillight) had an effect on the 
average particle size, all the materials granulated from same exit screen were 
compared. Table 5.2.2 shows the average particle sizes and the differences for the 
materials for three exit screens (19mm, 25.4 mm, 38 mm). 
Table 5.2.2. Average particle size and material properties of granulated headlights and 













































The null hypothesis that the size of the particles produced by the granulator is 
independent of the types of materials (ABS, PC, UP-GF 10%, PMMA) was rejected at 
the 0.05 significance level (using chi-square method) for the 19 mm exit screen. The 
same conclusion was reached for the exit screens 25.4 mm and 38 mm. There thus 
appears to be a statistically significant differences in particle size distributions among 
the materials (ABS, PC, UP-GF 10%), PMMA) when these larger exit screens (19 mm, 
25.4 mm and 38 mm) were used. 
To separate materials of any auto part, there should ideally be significant particle size 
differences among the materials. For the taillight, the null hypothesis that the size of 
the particles produced by the granulator is independent of the types of materials 
(ABS, PMMA) was rejected at 0.05 significant level (using chi-square method) for 
exit screens 19 mm, 25.4 mm, 38 mm. Thus, the material property differences 
affected the particle size distribution for ABS and PMMA. The greater difference in 
impact strength between ABS and PMMA (Izod Impact strength of ABS is 270 J/m 
and PMMA's is 53.4 J/m at room temperature) may be the cause of the difference in 
the average particle size of the comminuted particles at room temperature. 
For the headlight, the null hypothesis that the size of the particles produced by the 
granulator is independent of the types of materials was accepted for the headlight 
materials (UP-GF 10%, PC) at 0.05 significant level (using chi-square method) for 19 
mm, 25.4 mm, 38 mm exit screens. Therefore, no significant difference was observed 
in average particle size of the granulated UP-GF 10%, PC while using those three exit 
screens. The impact strength of the UP-GF 10% and PC (Izod Impact strength of UP-
GF 10% is 374 J/m and PC's is 694 J/m at room temperature) did not make significant 
difference in average particle size at room temperature. This apparent difference in 
material behavior will be further explored in cryogenic testing. Figure 5.2.3 and 5.2.4 
71 
shows the material properties and particle size distribution for headlight and taillight 















• • • — S ^ " 
10 
Particle size (mm) 
100 
—*— PC of Headlight product of 19mm exit screen 
—•— UP-GF 10% of Headlight product of 19mm exit screen 
« UP-GF 10% of Headlight product of 25.4 mm exit screen 
" PC of Headlight product of 25.4 mm exit screen 
—*— UP-GF 10% of Headlight product of 38 mm exit screen 
—•— PC of Headlight product of 38 mm exit screen 
Figure 5.2.3: Material properties and particle size distribution for headlight at room temperature 
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10 
Particle size (mm) 
-PMMA of Taillight product of 19mm exit screen 
-ABS of Taillight product of 19mm exit screen 
- PMMA of Taillight product of 25.4 mm exit screen 
-ABS of Taillight product of 25.4 mm exit screen 
-PMMA of Taillight product of 38 mm exit screen 
-ABS of Taillight product of 38 mm exit screen 
100 
ure 5.2.4: Material properties and particle size distribution for taillight at room temperature 
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The Ep values for various materials also varied which means the characteristic ranges 
of particle size distributions were also different for various materials for any particular 
exit screen. Obviously, the Ep value increased with the increasing size opening of the 
exit screens. Table 5.2.3 shows the Ep values of the granulated particles of various 
materials using 19 mm, 25.4 mm, 38 mm exit screens. 






































The results of room temperature grinding were not satisfactory as 100% liberation rate 
was not achieved in most of the cases. However, the hypothesis that property 
differences of the materials have an effect on the average particle size and particle 
size distribution can be tested by using larger exit screens. The larger exit screens 
produced comminuted particles which have measurable different average particle 
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sizes for different materials. To improve the lower liberation rate, some 
preconditioning could be applied to the auto parts before comminution. As a result, 
cryo-comminution processes were tried to render the materials more brittle for 
subsequent experiments. 
5.2.2 Glass transition temperature (Tg) of the headlight and taillight materials 
For facilitating the comminuting process, other physical properties like the glass 
transition temperature (Tg) were considered during the cryo-comminution. The glass 
transition temperature (Tg) of the materials of headlight, taillight and taillight joint 
adhesive were measured and are shown in Table 5.2.4. From the thermograms, which 
profiled the instantaneous rate of change in heat capacity (AQ/At) against temperature 
(T) for each material, two readings are taken to determine the glass transition 
temperature of those materials. The graphs and related data can be found in appendix 
C. 
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Explorer PC 1 
Explorer PC 2 
Explorer UP-GF 10% 1 
Explorer UP-GF 10% 2 
Taurus PC 1 
Taurus PC 2 
Taurus UP-GF 10% 1 
Taurus UP-GF 10% 2 
Taillight ABS 1 
Taillight ABS 2 
Taillight PMMA 1 
Taillight PMMA 2 
Taillight adhesive 






























































5.2.3. Obtaining different particle size distributions by changing thermoplastic 
from brittle to ductile 
Thermoplastics transition from the ductile state to brittle state when it is cooled to the 
glass transition temperature. Most of the thermoplastics which were considered in 
this study are already brittle in room temperature; in these cases, the thermoplastics 
were heated to cross the glass transition temperature and transform them to a ductile 
state. To test if the brittle-to-ductile transition of the thermoplastics affects particle 
size distribution, pure ABS was used as a basis for comparison for this experiment. 
ABS has a glass transition temperature of 110°C. If there is a significant change 
observed in the particle size distribution and average particle size in case of pure 






















in 1 ^ = 
10 
Particle Size (mm) 
- Brittle condition of pure ABS at room temperature 
-ductile condition of pure ABS at 140 degree centigrade 
100 
Figure 5.2.5: Material properties and particle size distribution for pure ABS for brittle and 
ductile condition 
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The test results showed that there was no significant difference in the average particle 
size and particle size distribution. Figure 5.2.5 and Table 5.2.5 shows the test results of 
pure ABS plastics at brittle and ductile condition. 
Table. 5.2.5. Test results for pure ABS at brittle and ductile condition 
D5o (average of 
two runs) 
Ep (average of 
two runs ) 
Problems while 
grinding 




Easy to handle 
Pure ABS at ductile condition 
14.75 mm 
3.665 
Sticky, soft, and surface resins 
were coming out from the 
surface, color change of 
materials. Sticky resin residues 
were found on the grinder 
blades. 
The ductile condition of the pure ABS thermoplastic was difficult to handle, and 
rendered made testing very difficult. For this reason, to improve the separability of 
different materials after comminution and to deliver more uniform size and shape of 
the liberated particles without finer comminution, cryo-comminution processes was 
applied. Two different comminution processes such as - grinding and crushing were 
tested in two different temperatures to obtain an optimum comminution process. 
5.2.4 Warming up time for the plastics of the auto parts after preconditioning 
When cryo-comminuting, the temperatures of the auto parts need to be monitored. In 
this research, there was no scope to measure the temperature of the auto parts while 
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inside the granulator. However, to obtain some idea of the rise in temperature after 
cryo treatment and before grinding, the rise in temperature was profiled upon removal 
from the cryogenic immersion and before grinding began. The time temperature 
profile of warming auto parts can be used to predict the approximate temperature of 
the auto parts in the granulator. However, additional heating from the granulation 
energy dissipation was ignored. 
The thermocouple tip was inserted inside the core of each material and was sealed to 
measure temperature change of the materials within any particular auto part. The 
other end of the thermocouple was connected to the data acquisition system to 
monitor the temperature change in every second. The wired auto part was dipped into 
liquid nitrogen for 30 minutes and it was taken out at room temperature to observe the 
increasing temperature. The data acquisition system recorded the rate of increasing 
temperature of the materials when any particular auto part was taken out of the cryo-
chamber at the room temperature. The related data is attached to appendix D. Figures 
5.2.6, 5.2.7, 5.2.8 are the graphs which shows the rate of increasing temperature of the 
























Figure 5.2.6: The rate of increasing temperature of the taillight materials 
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Figure 5.2.8: The rate of increasing temperature of the headlight materials 
5.2.5. Cryogenic comminution 
The results from the previous experiments demonstrate that larger exit screens 
provide much greater differences between the component materials in any particular 
auto part. However, using a larger screen did not provide 100 % liberation. While the 
problem of material differentiation was more readily addressed with larger exit 
screens, the liberation of one material from another was reduced given that larger 
particles are now produced. For this reason, preconditioning with liquid nitrogen 
could now serve an additional purpose: to potentially render the joints of the auto 
parts weaker to promote greater liberation. 
However, there was no means to measure the temperatures of the materials or joints in 
the granulator after freezing. It took approximately 10 seconds to pull out the auto 




10 100 1000 10000 
previous experiment for estimating temperature rise of the materials, it was found that 
temperature of all the materials remained under -120°C. It was therefore assumed that 
the temperature of the materials would stay within a similar range for this testing as 
well. Table 5.2.6 shows the temperature readings. 
Table 5.2.6. The temperature of the materials after 10 seconds after pulling out from cryo-
chamber 
Time elapsed after 










Taillight adhesive Urethane 
ABS 
PMMA 







Appendix B contains the sieve analysis mass data for the experiments. Table 5.2.7 and 
shows the results of the total particle average sizes, liberation rate and size 
distributions for headlights and taillights in room temperature and cryogenic 
temperature. 
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Table 5.2.7. Average particle size, liberation rate, Ep of the auto parts using different 













































































































The results show that there are noticeable but relatively small changes in average 
particle size output after granulation within a part type when using cryogenic freezing, 
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but in all cases 100% liberation rates were achieved for both headlight and taillight. 
The shape of the particle size distribution appeared sigmoidal for cryo-granulation 
and room temperature granulation. Figure 5.2.9 and 5.2.10 shows the size distribution 



























•Headlight Product of 38 
mm exit screen at room 
temperature 
-Headlight product of 38 mm 
exit screen at cryogenic 
temperature 
10 100 1000 
Particle Size (mm) 
Figure 5.2.9: Size distribution of the total particles of headlight under different operating 
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•Taillight product of 38 mm 
exit screen with room 
temperature 
- Taillight product of 38 mm 
exit screen with cryogenic 
temperature 
10 100 
Particle Size (mm) 
1000 
Figure 5.2.10: Size distribution of the total particles of taillight under different operating 
temperatures when grinding 
For the headlights, the average particle size decreased 9.14% while for the taillights 
the average particle size decreased 2.52% when the auto parts were preconditioned 
with liquid nitrogen. However, the characteristic range of size distribution Ep values 
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was almost the same for both cases. For the headlights, the Ep value decreased 6.34% 
and for the taillights, the Ep value decreased 11.12% while cryo-grinding. The 
slightly decreased Ep value represents a narrower particle size distribution of the auto 
parts, and this is likely due to the application of preconditioning with liquid nitrogen. 
• Factors affecting the particle size of granulated headlights and taillights at 
two operating temperatures 
To determine if the differences in material properties among PC, UP-GF 10%, 
PMMA, and ABS had an effect on the average particle size under different operating 
temperatures, the average particle sizes of all the materials were compared. Table 
5.2.8 shows the average particle sizes and their differences for the materials under two 
different operating conditions. 
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At room temperature, the difference between the average particle sizes of ABS and 
PMMA was 36.21%) which is statistically significant based on ANOVA single factor 
at 0.05 level. The difference decreased to 14.14% when liquid nitrogen was applied 
before granulation which was also statistically significant based on ANOVA single 
factor at 0.05 level. The difference in impact strength of the ABS and PMMA (Izod 
Impact strength of ABS is 270 J/m and PMMA's is 53.4 J/m at room temperature) 
may be the cause of the difference in average particle size in room temperature which 
was decreased when liquid nitrogen was applied. 
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In room temperature, the differences in average size of the two different materials 
within headlight were statistically significant based on ANOVA single factor at 0.05 
level. The average difference between the average particle sizes of UP-GF 10% and 
PC was 9.72 % in room temperature. The difference increased to 15% when liquid 
nitrogen was applied before granulation which is also statistically significant based on 
ANOVA single factor at 0.05 level. Again, the difference in impact strength of the 
UP-GF10% and PC (Izod Impact strength of UP-GF10% is 374 J/m and PC's is 694 
J/m at room temperature) may be the cause of the difference in average particle size in 
room temperature that increased when liquid nitrogen was applied. Figure 5.2.11 and 
5.2.12 shows the particle size distribution for different materials for headlight and 

























1 10 100 1000 
Particle Size (mm) 
Figure 5.2.11: Material properties and particle size distribution for headlight at two 
operating temperatures 
—•—PC of headlight with 38 mm 
exit screen and at room 
temperature 
—*—PC of headlight with 38 mm 
exit screen and at cryogenic 
temperature 
- • - UP-GF 10% of headlight with 
38 mm exit screen and at room 
temperature 
- " - U P - G F 10% of headlight with 
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10 100 
Particle Size (mm) 
1000 
-*— ABS of Taillight with 38 mm 
exit screen and at room 
temperature 
-*—ABS of taillight with 38 mm 
exit screen and at cryogenic 
temperature 
-" -PMMA of taillight with 38 
mm exit screen and at room 
temperature 
-—PMMA of Taillight with 38 
mm exit screen and at 
cryogenics temperature 
Figure 5.2.12: Material properties and particle size distribution for taillight at two 
operating temperatures 
Ep values decreased when the auto parts were preconditioned with liquid nitrogen. 
Table 5.2.9 shows the Ep values for different materials. The characteristic range of the 
size distribution became narrower when cryogenic freezing is applied, which means 
the application of cryogenics can deliver more uniformly sized particles. The 
difference in Ep values of the ABS and PMMA was statistically significant in case of 
taillight based on ANOVA single factor at the 0.05 level in both operating 
temperatures. The difference in Ep values of the UP-GF 10% and PC was not 
statistically significant in case of headlight based on ANOVA single factor at.05 level 
in both operating temperatures. 
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Trial 1 5.499 3.472 2.027 4.549 4.666 -0.117 
Room 
temperature 
Trial 2 5.312 3.394 1.918 4.565 4.835 -0.27 
Trial 3 5.550 3.652 1.898 4.560 4.431 0.129 
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Trial 1 5.084 4.049 1.035 4.258 4.568 -0.31 
Cryogenic 
temperature 
Trial 2 5.179 4.249 0.93 4.554 5.199 -0.645 
Trial 3 5.136 4.157 0.979 4.550 4.335 0.215 
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5.2.6 Relationship between average particle size of the product and exit screen 
opening size of the granulator 
It was observed that the average size of the product particles is approximately 40 % of 
the exit screen regardless of different screen sizes (except for the 4.76 mm exit 
screen), and material properties in most cases. This seems to be especially true for 
"brittle" plastics, as compared to "ductile" plastics (e.g., TPO). Table 5.2.10 shows 
the relation between the exit screen opening size and average particle size of various 
granulated auto parts used in phase one at room temperature. 
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Table 5.2.10. Relationship between the exit screen opening size and average particle size 
of various auto parts granulated in phase one at room temperature 
Product of 
exit screen 
4 76 mm 
Product of 
exit screen 
9 5 mm 
Product of 
exit screen 
19 00 mm 
Product of 
exit screen 




































































































The average size of the product particles was also observed to be approximately 40 % 
of the exit screen regardless of different screen sizes (19 mm, 25.4 mm, 38 mm) while 
granulating headlights and taillights in phase two. Table 5.2.11 shows the relation 
between the exit screen opening size and average particle size of granulated 
headlights and taillights used in phase two at room temperature. 
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Table 5.2.11. Relationship between the exit screen opening size and average particle size 
of granulated headlights and taillights used in phase two at room temperature 
Product of exit 
screen 19 mm 
Product of exit 
screen 25.4 
mm 
Product of exit 































The change in operating temperature from room temperature to cryogenics 
temperature also did not appreciably affect the ratio of average size of the product 
particles to exit screen opening size of the granulator. Table 5.2.12 shows the change 
in the ratio due to the change in operating temperature. 
Table 5.2.12. Relationship between the exit screen opening size and average particle size 
of granulated headlights and taillights used in phase two at two operating temperatures 
Product of exit screen 
38 mm with room 
temperature 
Product of exit screen 











Ratio of average 





















It was concluded that regardless of the material difference, shapes and size of feed, 
and change in operating temperature, the ratio of the average size of product particles 
to granulator exit screen opening size is approximately 0.40 for midsized to larger 
screens. 
5.2.7. Experiments with laboratory heavy duty press altered as a crusher 
As explained in previous chapters, there are several breakage mechanisms that could 
be employed. Because of the limitations of the granulator in simulating shredding of 
auto parts, a heavy duty laboratory press with a maximum load of 300,000 lbs 
(including both hydraulic loading and mechanical loading) was used to crush the auto 
parts. Different operating conditions with different temperatures were investigated. 
The top knurled plate was lowered fully, half way or three-forth of the auto parts 
height to crush it against the bottom knurled plate. This initial compression is 
achieved through mechanical means and in regular applications of the press, which is 
used to compress concrete, the initial purpose of the mechanical system is to position 
the top and bottom plates against the concrete sample, not for actual crushing. 
Because the plastic parts are generally much weaker in resisting compression than 
concrete, the mechanical positioning of the crusher could also serve as an initial 
crushing mechanism. Afterwards, hydraulic loads are to crush the auto parts. In some 
cases full hydraulic power and mechanical energy were used, in some experiments 
only mechanical energy was used. Table 5.2.13. summarizes these experiments and 
their results. 
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Table 5.2.13. Experiment results of the product of laboratory heavy duty press altered as crusher 
*Onentalion = In vertical orientation, both materials of auto parts were on either side of the symmetry axis and were oriented along the full length from the top to the bottom In flat 
orientation, the auto part was placed on side to side between the plates 

























Mechanical and the top bar went full 
way down 
Mechanical and the top bar went full 
way down to the auto part height 
Mechanical and the top bar went half 
way down to the auto part height 
Mechanical and the top bar went three 
forth way down to the auto part height 
Mechanical and the top bar went full 
way down to the auto part height 
Mechanical and hydraulic load the top 
bar went full way down to the auto part 
height 
Mechanical and hydraulic load the top 











Two materials of the auto parts 
crushed into small particles 
Two materials of the auto parts 
crushed into small particles 
Two materials of the auto parts 
crushed into comparatively larger 
particles which are easy to sort 
Two materials of the auto parts 
crushed into comparatively larger 
particles which are easy to sort 
Two materials of the auto parts 
crushed into small particles 
Two materials of the auto parts 
crushed into extremely small particles 
The PMMA particles were more 
crushed as it was in the top The auto 








The joints were not 




































Mechanical and hydraulic load The top 
bar went full way down to the auto part 
height 
Mechanical The top bar went halfway 
down to the auto part height 
Mechanical and hydraulic load The top 
bar went halfway down to the auto part 
height 
Mechanical and hydraulic load The top 
bar went full way down to the auto part 
height 
Mechanical and hydraulic load halfway 
down 
Mechanical and hydraulic load The top 
bar went full way down to the auto part 
height 
Mechanical load The top bar went three 










Both the particles were crushed and 
two materials of some pieces were 
pressed together 
PMMA of the auto parts was crushed 
as it was in the top 
Two matenals of auto part were 
pressed together There is a crack in 
PMMA while ABS was unbroken 
Two materials of auto part were 
broken into larger pieces 
The auto part was broken into big 
pieces 
Two materials of auto part were 
completely pressed together 
Two materials of the auto parts 
crushed into larger pieces 
Liberation rate 
The joints were not 
fully liberated 
The joints were not 
at all liberated 
The joints were not 
at all liberated 
The joints were not 
at all liberated 
The joints were not 
fully liberated The 
cracks were not 
along the joints 
The joints were not 
at all liberated 
The joints were 
unhberated The 
cracks were not 









































Mechanical and hydraulic load The top 
bar went three fourth way down to the 
auto part height 
Mechanical and hydraulic load The top 
bar went three fourth way down to the 
auto part height 
Mechanical and hydraulic load full way 
down 
Mechanical and hydraulic load half way 
down 
Mechanical and hydraulic load three 
fourth way down 
Mechanical and hydraulic load full way 
down 











Two materials of the auto part were 
not properly crushed Remained as big 
chunks and pressed together 
Two materials of auto part were 
completely pressed together 
The auto part was crushed fully 
The UP-GF 10% of the auto part was 
crushed fully PC remained intact 
The UP-GF 10% of the auto part was 
crushed fully PC broke into two 
pieces 
The UP-GF 10% of the auto part was 
crushed, PC was little crushed 
The UP-GF 10% of the auto part was 
crushed, PC was not crushed 
Liberation rate 
The joints were 
unhberated The 
cracks were not 
along the joints 
The joints were 
unhberated 
The joints were not 
fully liberated The 
cracks were not 
along the joints 
The joints were 
fully liberated 
The joints were 
fully liberated 
The joints were 
fully liberated 














The experimental results were not consistent and difficult to interpret. Furthermore, 
100 % liberation was not achieved in most of the cases. The press has a maximum 
300000 lb load when using hydraulics and during the trials, a set maximum of 27000 
lb force was used in the experiments which included the 10,000 lb fixed mechanical 
force. However, the press is designed to apply a large load under relatively slow 
conditions that would not be experienced in a typical shredding operation applied to 
auto parts. As a result, the auto parts tested were largely "pressed" together, not 
crushed as originally intended. For this reason this large press was not used for further 
experiments. 
To better mimic a rapid crushing action, a smaller size of compression machine was 
used. The outcomes of these experiments were: 
1. At room temperature, the position of the auto parts between the compression 
plates had a significant effect. The vertical orientation was the optimized position 
as in this way both materials were on either side of the symmetry axis and were 
oriented along the full length from the top to the bottom. In reality, one material of 
the auto part tended to comminute more than the other in the flat orientation in 
which the auto parts were laid on side to side between the plates. 
Figure 5.2.13: The orientation of the auto parts between the plates in the press 
left diagram shows the vertical orientation and the right diagram shows the f 
orientation) 
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2. Excessive loads are unnecessary for crushing the auto parts. The 10000 lb load 
which was obtained by the mechanical load of the press was more than enough 
to crush plastic auto-parts. 
3. Using liquid nitrogen appears to achieve 100 % liberation. Furthermore, the 
positioning of the auto parts vertical or flat way did not make difference in the 
crushing after using liquid nitrogen. 
5.2.8. Cryogenic comminution and cryogenic crushing process - cryo-crushing 
The results from the previous experiments demonstrated that using laboratory heavy 
duty press as crusher did not work very well. Instead, a small scale laboratory press 
was used as a crusher. This press itself can apply maximum 10000 lb force on the 
sample and the load-cell connected to the small press could measure maximum 5000 
lb force which restricted the maximum force application to the auto parts to 5000 lb. 
5000 lb force appeared to be more than sufficient to crush the auto parts. 
The initial temperatures of the materials in the crusher were measured by the 
thermocouples during the experiments. Table 5.2.14 shows the average initial 
temperature readings (average value from three trials) of the materials. 
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Appendix B contains the sieve analysis mass data for the experiments. Table 5.2.15 
shows the results of the total particle average sizes, liberation rate and characteristic 
range of size distributions for headlights and taillights in room temperature and 
cryogenic temperature while crushing. The results from these trials were 
unfortunately inconsistent. 
Liberation rate were achieved 100%> for headlight in the case of cryo-crushing, while 
it was 92.13% in normal room temperature. For both cases, the liberation rate was 
increased when the auto parts were preconditioned with liquid nitrogen. In case of 
headlight, the average size of the total particles increased from 81.42 mm to 92.47 
mm when cryo-crushing was carried out. Ep value also increased from 23.8 to 29.8 
for headlight particles which indicates that cryo-crushing increased the characteristic 
range of particle size distribution. The thickness of the PC material and its material 
property differences were likely the reasons that allowed it to better resist crushing. 
This resulted in large separated "chunks" of PC while cryo-crushing, which increased 
the average particle size and range of distribution. For the taillight, the liberation rate 
was 76.88%o at room temperature, but increased to 98.48% while cryo-crushing. In the 
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case of the taillight, the average size of the total particles decreased from 95.24 mm to 
35.85 mm. For the taillight, while cryo-crushing the Ep value decreased from 27.2 to 
25.3. 
The shapes of the curves were not as smooth as grinding for any of the operating 
temperatures. It appeared to be less smooth and did not hold to the sigmoidal shape. 
Figures 5.2.13 and 5.2.14 shows the size distribution of the total particles of headlight 
and taillight under different operating temperatures. 
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Table 5.2.15. Average particle size, liberation rate, Ep of the auto parts using different 
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Figure 5.2.14: Size distribution of the total particles of Headlight under different operating 
temperatures while crushing 
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Figure 5.2.15: Size distribution of the total particles of Taillight under different operating 
temperatures while crushing 
• Factors affecting the particle size distributions of crushed headlights and 
taillights at two operating temperatures 
To determine if the differences in material properties among PC, UP-GF 10%>, 
PMMA, ABS had an effect on the average particle size, all the materials were crushed 
in the same operating temperature were compared. Table 5.2.16 shows the average 
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particle sizes and their differences for the materials under two different operating 
temperatures. 
Table 5.2.16. Average particle sizes of the different materials using different operating 













































































While the cutting action of the blades during granulation likely reduces the probability 
of obtaining the size difference between the two materials, it was expected that the 
impact action from crushing would increase that size difference. Therefore, the 
crushing testing was done to observe any distinct size difference between the two 
materials based on their physical properties. From the cryo-crushing trials, it was 
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noted that the physical property differences affected the comminuting behavior. 
Again, the thickness of the materials had a much greater effect while cryocrushing but 
this influence was not observed when they were granulated. It was observed that PC 
did not break at all for most of the trials, but instead remained as a "large chunk" in 
both operating temperatures. This outcome appears likely given that the thickness of 
PC was greater than UP-GF 10% within the headlight. 
At room temperature, the difference in average sizes of the two materials within the 
taillight appeared significant. The difference between the average particle sizes of 
ABS and PMMA was 20.14%) in room temperature. The difference increased to 102% 
when liquid nitrogen was applied before crushing. The difference impact strength of 
the ABS and PMMA (Izod Impact strength of ABS is 270 J/m and PMMA's is 53.4 
J/m at room temperature) may be the cause of the difference in average particle size at 
room temperature which increased during cryo-grinding. 
At room temperature, the difference in average sizes of the two materials of headlight 
was also significant for headlight. The difference between the average particle sizes of 
UP-GF10% and PC was 45.34% at room temperature. The thickness of PC was more 
than the UP-GF 10%>. Therefore, the PC product particles were of larger size than UP-
GF 10% in room temperature. The difference decreased to 31.43% when liquid 
nitrogen was applied before crushing. However, PC product particles were still in 
larger pieces than the UP-GF 10% particles. The difference in impact strength of the 
UP-GF 10%o and PC may also be the other reason for the decrease in average particle 
size at room temperature compared to when liquid nitrogen was applied. Figure 5.2.11 
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and 5.2.12 shows the particle size distribution for different materials for headlight and 
taillight at two operating temperatures. 
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Figure 5.2.16: Material properties and particle size distribution for headlight under 
different operating temperatures while crushing 
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Figure 5.2.17: Material properties and particle size distribution for taillight under different 
operating temperatures while crushing 
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The difference in Ep values of the ABS and PMMA increased when the taillights 
were preconditioned with liquid nitrogen. On the other hand, Ep values of the UP-
GF 10% and PC decreased when the headlights were preconditioned with liquid 
nitrogen. Table 5.2.17 shows the values of Ep for different materials. 
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5.2.9 Energy calculation 
When grinding cryogenically frozen items, the granulation energy requirement was 
less than that of at room temperature. The current required to rotate the empty motor 
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was initially calculated. Then 2060 g of PC was loaded to the granulator at room 
temperature to measure the increase in current consumption due to the granulation. 
The same amount of PC was preconditioned with liquid nitrogen and was loaded to 
the granulator and the current consumption was again measured. 
As the motor is three phase motor, then: 
The power consumption can be described as: 
(P)= V3 xV x I x Cos(p (2) 
Where, V = voltage, 
1= current, 
Coscp= Power factor which is the cosine of the phase angle between voltage 
and current, 
Power consumption by the empty motor of the granulator 
Here, voltage V0 =230 volt, 
Average current required to run the empty motor I0= 14.30 amp (measured), 
Assuming Cos<p=l, 
Using equation (2), the power consumption of the empty motor is 
Po = V3xV0x In x Cos(p 
= V3x230xl4.30xl 
= 5696.72 watt 
Power consumption by the loaded motor of the granulator at room temperature 
Here, voltage Vi =230 volt, 
Average current required to run the loaded motor with 2060 gm of PC at room 
temperature L =19 amp (measured), 
Assuming Cos<p=l, 
Using equation (2), the power consumption to granulate the loaded motor with 
2060 gm of PC at room temperature is Pi = V3 xVi x Ii x Cos(p 
= V 3 x 2 3 0 x l 9 x l 
= 7569.06 watt 
The power required to granulate the 2060 gm of PC at room temperature 
= Pi-Po watt 
= (7569.06-5696.72 ) Watt 
= 1872.34 Watt 
Power consumption by the loaded motor of the granulator at cryogenic temperature 
Here, voltage V2=230 volt, 
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Average cunent required to run the loaded motor with 2060 gm of PC at 
cryogenics temperature 12=16 amp(measured), 
Assuming Cos(p=l, 
Using equation (2), the power consumption to granulate the loaded motor with 
2060 gm of PC at cryogenics temperature is P2=v/3 V2x I2 x Coscp 
=V3x230xl6xl 
= 6373.95 Watt 
The power required to granulate the 2060 gm of PC 
at cryogenics temperature = P2-P0 watt 
= (6373.95-5696.72) Watt 
= 677.23 Watt 
These values of power requirement obtained used to calculate energy requirement of 
the granulator while granulating headlights and taillights. In this research, several 
other experiments were carried out from which it was also observed that granulating 
various thermoplastic materials requires same amount of current in both room and 
cryogenic temperature. 
5.2.9.1 Comparing granulation energy requirement at room and cryogenic 
temperature for the auto parts 
The power required to granulate the 2060 gm of PC was 1872.34 watt and 677.23 
watt at room and cryogenics temperature respectively. These values were used to 
calculate the energy requirement to granulate the headlights and taillights at room and 
cryogenics temperature. Granulation time of these auto parts was recorded when there 
was no more audible grinding of materials. The total time to granulate each auto part 
was multiplied by the above power requirement values of the granulator motor to 
obtain the granulation energy in both operating temperatures. The energy required to 
granulate the auto parts are given in Table 5.2.18. For granulating headlights, the 
granulation energy requirement decreased 92.94%> when the auto parts were 
preconditioned with liquid nitrogen while it decreased 91.44% in case of taillights. 
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5.2.9.2 Comparing crushing force requirement at room and cryogenic 
temperature for the auto parts 
For crushing, a load cell was connected to the top bar to measure the force required to 
crush the auto parts. Table 5.2.19 shows the required force to crush the auto parts. 
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The positive value represented the compression force applied by the crusher on the 
auto part and the negative values represented the reactive force applied to the load 
cell. For cryogenic crushing, the load cell measured reactive force due to the 
resistance of the auto parts to break during crushing. It was also observed that the 
required crushing time did not depend on the operating temperature rather than it 
depended on the mass of the auto parts. The more mass auto part had, the more time 
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was required to crush that auto part. The force needed to crush the auto parts was 
much more in cryocrushing than in room temperature crushing. 
The force values for cryo-crushing were not consistent, and this stage, it is unclear 
what can be further done to assess the implications of this analysis. However, for the 
purpose of this research, it is included for information purposes as it does examine 
force data (appendix E). 
I l l 
Chapter 6: 
Conclusion and Proposed 
Framework for Plastics 
Recycling 
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6. CONCLUSION AND PROPOSED FRAMEWORK OF RECYCLING 
PLASTICS 
The objective of this research was to improve the recovery of plastics from 
automobiles by focusing on liberation. This would then improve the separability of 
different plastics materials after liberation: overall, this would be a practical 
contribution to improving automobile plastic recycling in North America. 
Preconditioning the auto parts before comminution to change the physical properties 
of the materials and the interface of the joints can deliver more uniform size and 
shape of the liberated particles without finer comminution and could lead to more 
satisfactory separation. The particle size distribution of the outcome was also 
expected to be within narrower range. Therefore this research first focused on 
determining the most favourable comminution process and the applicability of 
preconditioning. Based on the outcomes of the research, a conceptual framework for 
automotive plastic recovery from ELV parts would be suggested. 
The breaking and liberation behavior of commercial plastic composites confirms the 
previous research study conducted on test ABS and PVC samples undertaken by Jekel 
(2003). The result of phase one and two of this research leads to the following 
conclusions. 
6.1 Particle size 
The degree of comminution occurring in the granulator significantly affects the 
average particle size distribution for the commercially manufactured parts for five 
different levels of exit screens (4.76 mm, 9.50 mm, 19.00 mm, 25.40 mm, and 38.00 
mm). While granulating in room temperature, the average particle size and the particle 
size distribution were not affected by materials property differences among different 
materials (HDPE, PC, UP+PP, PMMA, ABS, TPO, UP) when smaller exit screens 
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such as 4.76 mm and, 9.5 mm were used in the granulator. The larger exit screens 
(19mm, 25.4mm, 38 mm) produced products which showed statistically significant 
differences in their average particle sizes and particle size distributions between 
different materials. 
Auto parts like taillights (PMMA, ABS) had significant differences in average particle 
size and particle size distributions when using 19mm, 25.4mm, and 38mm exit 
screens in room temperature. This means the material property differences for ABS 
and PMMA affected the particle size distributions, but there was not a significant 
difference between UP-GF 10% and PC (headlights) while using those three different 
exit screens in room temperature. 
When cryo-grinding was carried out, the average particle size and the characteristics 
particle size distribution for the headlight and taillight product decreased to a lower 
value compared to room temperature grinding. Preconditioning with liquid nitrogen 
before granulation decreased the difference in average particle size and the particle 
size distribution between the taillight materials while it slightly increased the 
difference in average particle size and the characteristics particle size distribution 
between the headlight materials. 
While crushing at room temperature, the average particle sizes of the taillight and 
headlight product were higher due to the breaking of the auto parts into larger pieces. 
When cryogenic crushing was carried out, the average particle size of the taillight 
reduced to a smaller size but still in acceptable range that allowed for hand separation. 
On the other hand, the average particle size of the headlight did not change 
significantly. The reason behind this behavior is likely the thickness of the PC plastic 
in the headlight which allows it to better resist crushing. The thickness made no 
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difference previously in granulation. For almost each cryogenic crushing trial, the PC 
of the headlight was liberated from UP-GF 10% but was unbroken: it remained in one 
large piece. The differences between the average particle sizes of the materials of the 
auto parts were significant during cryogenic crushing. It indicates that material 
property differences have a greater effect on the average particle size of the material 
output after crushing than compared to granulation, and further, suggests that different 
comminution processes can have a significant effect. 
The shape of the size distribution curves of the products in both operating 
temperatures of granulation appeared to be sigmoidal, while that for crushing in both 
operating temperatures appeared to be less smooth and did not hold to the sigmoidal 
shape. 
6.2 Liberation 
The degree of comminution had an impact on the liberation level. While granulating, 
the difference in material properties had no observed impact on liberation level while 
using smaller exit screens such as 4.76 mm or 9.5 mm. Smaller exit screens delivered 
highly liberated but too small particles to easily separate while larger exit screen 
delivered some unhberated but easily separable particles in room temperature. The 
choice of adhesive also had an impact on the liberation level at room temperature. The 
application of preconditioning the auto parts with liquid nitrogen before granulation 
delivered 100% liberated materials. The adhesive had no effect on the liberation level 
when cryogenic granulation was carried out. 
During crushing, the material thickness and orientation of the auto part in the crusher 
had a significant impact on the liberation rate. Preconditioning the auto parts with 
liquid nitrogen before crushing delivered almost 100% liberated materials. In short, 
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the application of preconditioning such as low temperature embrittlement weakens the 
bond at the material interface and liberated almost all the particles during 
comminution. One of the original objectives was to modify the behaviour of the 
material itself: the effects of cryogenic preconditioning on the joints (weakening) was 
an unexpected but useful outcome. 
6.3 Design and operating relationship for the granulator 
It was found that for all types of materials, shapes, sizes, thickness of auto parts, and 
all operating temperatures (room and cryogenic temperatures), the average size of the 
product particle was approximately 40 % of the size of the exit screen opening. The 
exception was the smaller exit screen of size 4.76 mm and ductile materials (e.g., 
TPO). This relationship may be useful in assessing or designing granulation 
operations that are operated similarly to the one used in this research. 
6.4 Glass transition temperature of real thermoplastics and applicability of 
cryogenic comminution 
The glass transition temperatures (Tg) of the real world composite plastic materials 
were measured in this study: these were not be found in the literature. The glass 
transition temperatures (Tg) of the composite plastics did not vary much from the Tg 
values of pure plastic materials. 
Transforming brittle plastics to ductile to induce different average particle sizes and 
particle size distributions was generally unsuccessful. The attempt to transform the 
brittle ABS at room temperature to ductile state by raising its temperature above the 
glass transition temperature (Tg) and granulating afterwards failed to establish any 
significant differences. Heating also cause the resins sticking to the granulator blade. 
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Preconditioning with liquid nitrogen before granulation or crushing did not change the 
average particle sizes and particle size distributions significantly. However, it did 
increase the liberation rate in all cases by weakening the bond of the material 
interface. 
Preconditioning with liquid nitrogen before granulation saved granulation energy by 
reducing motor's working load as well as reducing the granulation time. If a life cycle 
inventory-analysis is conducted on the total experiment carried out in this research, it 
may not save energy due the loss of liquid nitrogen. However, if a nitrogen recycling 
system is used, the proposed recycling of auto-parts could save energy. In case of 
crushing, due to inconsistent results, any conclusion related to energy savings could 
not be made. However, by observing the average force needed to crush the auto parts, 
it can be concluded that crushing auto parts does not need excessive energy The rapid 
application of a lower force provides better results for liberation and separation 
compared to the slow application of excessive force on the auto parts. 
6.5 Ep (Ecart probable) probable deviation values 
The Ep value is an indicator of the precision achieved in the comminution process. It 
also indicates the characteristic range of particles size distributions. Obviously, the Ep 
value increases with the increasing size opening of the exit screens in the granulator. 
However, at the smallest exit screen size used (4.76 mm), the Ep values rise. This 
suggests that small or very small exit screens may inhibit larger ungranulated particles 
from passing through the exit screen, thereby remaining in the product which 
increases the range of particle size distribution. The Ep values for various materials 
were also different for the same exit screen which means the characteristic ranges of 
particle size distributions are also different for various materials. 
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As lower Ep values mean the greater precision in the comminution process, the 19 
mm exit screen would be the best option according the results at room temperature 
while granulating. However, if a hydrocyclone - as is popular at some commercial 
operations is to be used for separating the two materials afterwards, it is suggested to 
use 19 mm exit screen for the taillight as the Ep value for that particular exit screen is 
closer to 2.5. On the other hand, for headlights either 19 mm exit screen or 25.4 mm 
exit screen can be used. Using liquid nitrogen before granulation did not significantly 
affect the Ep values. Of course, there are many more composite items than headlights 
and taillights, but the above conclusions may serve as a useful starting point for other 
composites that share similar characteristics. 
While crushing, the Ep values were not consistent for the repeated trials at both 
operating temperatures. The Ep value increased when cryogenic crushing was carried 
in case of headlight, while the Ep value decreased for taillights. Again, this is likely 
due to the thickness of the headlight material (PC) which allowed it to better resist 
crushing. 
6.6 Contributions 
This research has contributed to engineering knowledge through the understanding of 
how actual plastic composites behave during comminution, and the application of 
preconditioning such as cryogenic freezing before comminution. In turn, this can 
improve the liberation rate that can be derived from plastics recovery from 
commercial product wastes. The automotive sector has the opportunity to apply the 
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knowledge of liberation to recover materials which are now usually land filled. The 
contributions of knowledge of this research to automotive sector are as follows: 
• Auto parts such as windshield washer reservoir, fog lamp, bezel for the 
odometer, bumper fascia which are made of only one type of material need not 
to under go liberation process. They can be presorted and directly comminuted 
to recycle and recover materials. 
• While comminuting in room temperature and cryogenic temperature, the 
urethane adhesive, which is a thermoset plastic, from the taillight lost its 
adhesive property when it was heated or cooled. The adhesive particles stuck 
to the granulated ABS and PMMA particles and contaminated the purity of the 
individual material stream. As thermosets cannot be recycled, the use of 
thermoset adhesive should be minimized. 
• Fastening methods that are "point sources" such as metal clips were not 
studied in this research. However, the research provided valuable information 
that the use of adhesives can decrease the purity of the liberated particles. 
Instead of using an adhesive, the two different materials should be jointed by 
fastening method such as vibration welding. 
• For any particular auto part, if not required, unnecessary use of various 
materials should be restricted. As the technology of injection molding 
continues to improve, there is a tendency of manufacturers to use various 
thermoplastics or different quantities of additives in any particular auto part. 
This renders the auto part less recyclable if suitable liberation and separation 
technologies are not available. 
• The application of preconditioning through cryogenic freezing before 
comminution improves the liberation rate of the auto parts. The 
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preconditioning of the auto parts before comminution also reduces the 
comminution energy required. 
• Richard Dom and others (1997) found that the mechanical properties like-
tensile strength, tensile modulus, flexural strength and flexural modulus of the 
cryogenic recycled plastic material differs minimum from the virgin materials. 
Only the elongation properties changes significantly. For this reason, the 
materials should be recycled in such a way that the recycled product would not 
need high elongation properties. 
• Ideally, the auto parts should be comminuted in such away (such as crushing, 
grinding, or ball milling) that the product particles would be 100%) liberated 
and should be in a state to be easily sorted and separated. 
6.7 Conceptual Framework for Plastic Recovery Infrastructure 
In current recycling trend, the vehicle hulk along with the plastic rich components are 
shredded or crushed together. Crushing or shredding of all the plastic components along 
with the hulk vehicle renders the mixture too complex to separate plastics afterwards. To 
recover more plastic materials from ELVs, a conceptual framework is presented based on 
the work done in this research for recovering plastics. 
In the conceptual recycling framework (Figure 6.1 and 6.2), dismantlers would set aside 
most of the plastic rich components such as exterior trim panels, interior trim panels, 
bumper fascia, fuel tanks, etc. in the dismantling facilities. Plastics composites such as 
headlight assemblies, taillight assemblies, fog lamps, fenders, console sun visors, 
instrumental panels, and dash assemblies which are normally resold in the second hand 
market would also be collected if they are not resold instead of sending them to the 
shredder. 
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It is assumed that legislation and industry practices will implement the proper and uniform 
labeling system for all auto parts. All the manufacturers will provide proper labeling on 
the plastic components to help identify end-of-life materials to the dismantlers and 
recyclers. It is also assumed that automobile manufacturer would use same type of 
materials for any particular auto part to the greatest extent possible. The additive and 
modifier percentage in the plastics would also remain the same for any particular 
composite plastic. Each vehicle will have a manual for dismantling each part and detail 
information about the materials within any auto part. Luxury vehicles should have their 
own recycling facility to recycle their vehicles if they want to use different types of 
materials for their auto parts. 
The dismantlers would remove bulbs and gaskets from the taillights and headlights at the 
dismantler. All plastic rich auto parts would be collected and presorted to a separate pile in 
the dismantling facility by part type, and if possible, by material types. Plastic recycling 
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Figure 6.1: Presorting at the dismantling facility 
The plastic recycling facilities would be planned to recycle the plastics materials by 
their part type. There should be small units of recycling operation based on particular 
part type, or groupings of similar parts. An example would be a taillight assembly 
recycling unit or an interior trim recycling units. Depending on the particular part type 
and the requirements of recycling of that auto part, the required unit operations would 
be configured. In Figure 6.2 a proposed taillight recycling process is shown. 
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Figure 6.2: Proposed Plastic Recycling Facility 
Some preconditioning such as using low temperature brittleness of plastic would be 
applied before comminution which will facilitate liberation of the materials within plastic 
composites and plastic parts. Comminution devices will be selected in such a way that that 
it would be easier for the sorting devices to detect all the particles accurately. The crushed 
or grinded composites particles should be all liberated and in uniform size and shape for 
using technologies such as an optical sorter, hydrocyclone, advanced near infrared 
spectrometry to identify the liberated plastic particles after comminution. Hydro cyclone 
technology has already proven to be a viable plastics separation technology provided the 
incoming particles have been adequately comminuted and liberated. The optical sorter 
technologies are currently used to recycle PET bottles. However, most of the available 
sorter devices can not discriminate among different types of black colored plastics which 
are commonly used in vehicles. Some research is underway to develop plastic sorter 
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technology which will be able to detect different types of black plastics based on 
electromagnetic spectra (Hendrix et al, 1996). 
Selecting the comminution device and liberation mechanism is entirely depended on the 
selection of the sorter device. Table 6.1 shows the preferred liberation mechanisms 
depending on the sorting device. 
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From the literature, it can be assumed that hydro cyclone technology would be a 
preferred option to separate the plastics materials if cryogenic granulation is chosen. 
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On the other hand, near-infrared ray plastic material-detecting sensor would be better 
option if cryogenic crushing is used as the comminution process. 
However, one of the basic assumptions of this conceptual framework for plastic 
recovery infrastructure is that dismantlers would set aside most of the plastic rich 
components in the dismantling facilities while hand dismantling. While this may be 
feasible for newer vehicles, the economic value of the parts from old-age vehicles and 
accident damaged vehicles may or may not be sufficient to attract the dismantlers to 
remove the parts from the vehicles. The time and energy needed to remove those parts 
from vehicles hindered by rust, accumulated mud, crushed or damaged portions may 
not be cost-effective. Therefore, the percentage recovery of materials from vehicles 
with the above circumstances will be less. The alternatives for stimulating dismantling 
in these situations includes more mechanical recovery techniques that would 
presumably be more efficient, or if financial or regulatory conditions made such 
extensive hand dismantling worthwhile. 
6.8 Future recommendation 
In this research, point source fasteners, heat stakes and metal clips used in auto parts 
were not studied, but future research should include these fastening methods. It is also 
recommended that other white goods like television, computers, and telephone would 
be subjected to similar investigation to recover plastics from these products. 
The glass transition temperature of other real world thermoplastics could be measured 
to properly document their Tg values. 
The cryogenic freezing application proved to be a viable preconditioning process 
before comminution. The differential behavior of the component materials under 
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temperature variation can improve the liberation of the component materials More 
specifically, using different rates of thermal contraction of different materials within 
the composite caused by exposure to the low temperatures should weaken the 
matenal- interface bond Other auto parts containing more than two materials should 
also be investigated in future An example would be car seats, which have fibres, 
polyurethane foams, and metals 
Composites with more than two kinds of polymers can be subjected to cooling at the 
glass transition temperamre of only one of the constituents This will enable selective 
embrittlement of the desired plastic, but not the other(s) Making the polymer 
embrittled enables it to be size-reduced more effectively, and selective embitterment 
can be obtained when two or more components exist For example, in a multi-cooling 
stage operation, the first stage of cooling, comminution and separation would be 
followed by second stage of cooling to embnttle another species, and so on Different 
plastics would become brittle at different points and times As a result, the 
applicability of multi-stage coohng/comminution/separation process can also be 
investigated to improve the degree of liberation and comminution, after all, even a 
small amount of contamination can lower the quality of the recycled plastics 
materials Thus, even the incremental increase from about 95%> liberation to 100% 
liberation observed in many of the cryogenic trials can be significant However, the 
total energy requirement to recycle the plastic material should be monitored that it 
will not exceed the cost of virgin plastics 
The different polymers and composite plastics used in consumer products have 
different charactenstics according to the product design specifications and the 
customer's quality and performance expectations A complete inventory of the 
material properties of these materials should be published which will be accessible to 
126 
recyclers for recycling purposes. Ideally, any new polymer invented should be 
registered in that inventory with all the material property information. 
However, because of the many variations of plastic types that currently exist due to 
additives and plasticizers, testing can be laborious or prohibitive. Plastics can be 
grouped according to their critical material properties and usage scenarios, and 
testing, if necessary, prioritized to establish reference values useful for recycling 
operations. If recycling tests on the various plastics cannot be carried out efficiently, 
the joining method of different materials (plastic to metal, plastic to plastics, etc) 
should be targeted. From this experiment it was found that thermoset adhesives often 
failed under cryogenic conditions, and this weakness could be exploited to increase 
liberation. 
However, the recent trend to join different composite plastic materials is not to use 
adhesives but to weld them together. Generally the material interlock of these welded 
joints is very strong; liberating such connections after comminution will likely not be 
as easy as with an adhesive. Therefore, preconditioning these auto parts before 
comminution could be an important technique to improve the liberation rate. 
The granulator entry path could be altered to add a cryogenic tunnel that sprays liquid 
nitrogen to the feed to save the liquid nitrogen. Other comminution processes such as 
ball milling should be examined to provide more comparisons among the performance 
of different size reduction equipment. This research demonstrated that there are some 
differences in size reduction output between granulation and crushing depending on 
the circumstances. 
The measurements to calculate the energy required to granulate the auto parts could 
be better documented if the experiments of energy calculation were to be repeated 
127 
using a video camera to measure current fluctuations over the grinding time. The area 
under the current vs. time plot, minus that of the average power would then give a 
much better measure of the percentage power increase. 
The mechanical properties such as tensile strength, tensile modulus, flexural strength, 
flexural modulus of the liberated materials from cryogenic comminution should be 
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APPENDIX A: Sieve analysis data for phase one 
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Mass Distribution Data (phase 1) 
Auto part: Bezel for odometer (ABS) 

























































































































Liberation rate= 100% 
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Mass Distribution Data (phase 1) continued 
Auto part: Fog Lamp (PC) 
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Liberation rate =100% 
Mass Distribution Data ( phase 1) continued 
Auto part: Fog Lamp (PC) 























































































































Liberation rate =100% 
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Mass Distribution Data ( phase 1) continued 
Auto part: Fog Lamp (PC) 























































































































Liberation rate =100% 
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Mass Distribution Data (phase 1) continued 
Auto part: Windshield water washer reservoir (HDPE) 























































































































Liberation rate =100% 
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Mass Distribution Data (phase 1) continued 
Auto part: Windshield water washer reservoir (HDPE) 























































































































Liberation rate =100% 
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Mass Distribution Data (phase 1) continued 
Auto part: Windshield water washer reservoir (HDPE) 























































































































Liberation rate = 100% 
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Mass Distribution Data ( phase 1) continued 
Auto part: Bumper Fascia (TPO)_lst run 























































































































Liberation rate =100% 
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Mass Distribution Data ( phase 1) continued 
Auto part: Bumper Fascia (TPO)_2nd run 























































































































Liberation rate = 100% 
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Mass Distribution Data ( phase 1) continued 
Auto part: Bumper Fascia (TPO)_ls* run 























































































































Liberation rate = 100% 
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Mass Distribution Data ( phase 1) continued 
Auto part: Bumper Fascia (TPO)_2nd run 























































































































Liberation rate =100% 
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Mass Distribution Data ( phase 1) continued 
Auto part: Bumper Fascia (TPO)lst run 























































































































Liberation rate =100% 
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Mass Distribution Data ( phase 1) continued 
Auto part: Bumper Fascia (TPO)_2nd run 























































































































Liberation rate = 100% 
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Mass Distribution Data ( phase 1) continued 
Auto part: Headlight (total particles) 























































































































Liberation rate =99.60 % 
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Mass Distribution Data ( phase 1) continued 
Auto part: Headlight ( UP+ PP particles) 
























































































































Mass Distribution Data ( phase 1) continued 
Auto part: Headlight (PMMA particles) 
























































































































Mass Distribution Data ( phase 1) continued 
Auto part: Headlight (PC particles) 
























































































































Mass Distribution Data ( phase 1) continued 
Auto part: Headlight (total particles) 























































































































Liberation rate =99.33% 
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Mass Distribution Data ( phase 1) continued 
Auto part: Headlight (PC particles ) 
























































































































Mass Distribution Data ( phase 1) continued 
Auto part: Headlight ( Rubber particles) 
























































































































Mass Distribution Data ( phase 1) continued 
Auto part: Headlight (Aluminium particles) 
























































































































Mass Distribution Data ( phase 1) continued 
Auto part: Headlight (total particles) 























































































































Liberation rate= 99.31% 
Mass Distribution Data ( phase 1) continued 
Auto part: Headlight ( UP+PP particles) 
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Auto part: Headlight ( Rubber particles ) 
























































































































Mass Distribution Data (phase 1) continued 
Auto part: Headlight (PC particles) 
























































































































APPENDIX BI Sieve analysis data for phase two 
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Mass Distribution Data (phase 2) 
Auto part: Taillight (total particles) 














































































































Liberation rate= 97.82% 
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Mass Distribution Data (phase 2) continued 
Auto part: Taillight (ABS particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (PMMA particles) 












































































































Mass Distribution Data (phase 2) Continued 
Auto part: Taillight (total particles) 














































































































Liberation rate =96.60% 
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Mass Distribution Data (phase 2) Continued 
Auto part: Taillight (ABS particles) 















































































































Mass Distribution Data (phase 2) Continued 
Auto part: Taillight ( PMMA particles ) 















































































































Mass Distribution Data (phase 2) Continued 
Auto part: Taillight (total particles) 














































































































Liberation rate =94.37% 
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Mass Distribution Data (phase 2) continued 
Auto part: Taillight (ABS particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (PMMA particles ) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (total particles ) 














































































































Liberation rate =95.73% 
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Mass Distribution Data (phase 2) continued 
Auto part: Taillight ( PMMA particles ) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (ABS particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (total particles) 














































































































Liberation rate =95 71 % 
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Mass Distribution Data (phase 2) continued 
Auto part: Taillight (PMMA particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (ABS particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight ( total particles) 














































































































Liberation rate =100% 
175 
Mass Distribution Data (phase 2) continued 
Auto part: Taillight ( PMMA particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (ABS particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (total particles) 














































































































Liberation rate =100% 
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Mass Distribution Data (phase 2) continued 
Auto part: Taillight (PMMA particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (ABS particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (total particles) 














































































































Liberation rate =100% 
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Mass Distribution Data (phase 2) continued 
Auto part: Taillight (PMMA particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Taillight (ABS particles) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Headlight (total particles) 














































































































Liberation rate = 100% 
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Mass Distribution Data (phase 2) continued 
Auto part: Headlight ( PC particles ) 















































































































Mass Distribution Data (phase 2) continued 
Auto part: Headlight (UP-GF 10 % particles) 















































































































Mass Distribution Data (phase 2) continued 
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Liberation rate =98.55% 
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Mass Distribution Data (phase 2) continued 
Auto part: Headlight (PC particles) 















































































































Mass Distribution Data (phase 2) continued 
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Liberation rate =97.10% 
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Mass Distribution Data (phase 2) continued 
Auto part: Headlight (PC particles) 















































































































Mass Distribution Data (phase 2) Continued 
Auto part: Headlight (UP-GF10% particles) 
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Auto part: Headlight (total particles of Headlight) 
















































































































Mass Distribution Data (phase 2) Continued 
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Mass Distribution Data (phase 2) continued 
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Auto part: Headlight (PC particles of Headlight) 















































































































Mass Distribution Data (phase 2) continued 
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Liberation rate=! 00% 
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Mass Distribution Data (phase 2) continued 
Auto part: Headlight (PC particles) 















































































































Mass Distribution Data (phase 2) continued 
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Mass Distribution Data (phase 2) continued 






























































































































































Liberation rate=81 29% 
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Mass Distribution Data (phase 2) continued 
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Mass Distribution Data (phase 2) continued 
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Liberation rate= 100% 
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Mass Distribution Data (phase 2) continued 































































































































































Mass Distribution Data (phase 2) continued 
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Mass Distribution Data (phase 2) continued 































































































































































APPENDIX C: Measuring glass transition temperature (Tg) of the auto parts 
244 
Table C 1. Weight taken from the auto parts and pure thermoplastic to measure the glass 
transition temperature (Tg) 
Sample name 
Explorer headlight PC-1 
Explorer headlight PC-2 
Explorer headlight UP-GF 10%-1 
Explorer headlight UP-GF 10%-2 





Tarurus headlight PC-1 
Tarurus headlight PC-2 
Tarurus headlight UP-GF 10%-1 








































Chemistry Department: METTLER STAR* SW 8.10 
Figure CI: Thermogram of Explorer headlight PC-1, Explorer headlight PC-2, Explorer headlight UP-GF 10%,-1, 
Explorer headlight UP-GF 10%,-2 
246 
*exo 
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Chemistry Department: METTLER STAR* SW 8.10 
Figure C2: Thermogram of pure PC, pure ABS, pure PMMA 
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Chemistry Department: METTLER STAR« SW8.10 
Figure C3: Thermogram of Taurus headlight UP-GF 10%- 1, Taurus headlight UP-GF 10% -2, 
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Figure C4: Thermogram of pure PC, pure ABS, pure PMMA 
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Figure C5: Thermogram of taillight adhesive 
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APPENDIX D: Temperature increase of auto part after removal from cryo-
chamber 
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